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Abstract

Halokinetic stratigraphy refers to sedimentary deposits affected by the growth or retreat of salt-
cored topography. Deep-water sediment gravity flows can be influenced by seafloor topography
associated with salt structures, and the interaction between the two ultimately controls the depo-
sitional architecture of their successive deposits. Where these deposits onlap salt diapirs they can
form reservoirs with combined structural-stratigraphic traps. Typically, these halokinetic se-
quences are pootly-imaged in seismic data due to steep dips, salt overhangs and near-diapir defor-
mation. In addition, they are not well represented in outcrop, largely due to dissolution of the
associated halites. Therefore, the facies and architecture of these halokinetically-influenced deep-
water successions are challenging to investigate, but are anticipated to differ from those in uncon-
fined basins, or those where topography is generated by non-halokinetic processes.

This study aims to understand how and why halokinetically-influenced deep-water systems differ
from those in unconfined settings, using a multi-scalar and multi-method approach. Outcrop data
from the Cretaceous Basque-Cantabrian Basin are compared with subsurface data from the Paleo-
cene North Sea Central Graben. The results of these studies are compared to two-dimensional
Discrete Element Models of different sedimentation patterns influenced by salt growth.

Key insights derived from this approach include: 1) salt-related, active topography, and the degree
of confinement are shown to be important modifiers of depositional systems, affecting the degree
of flow confinement which results in predictable facies variability and remobilisation of deposits;
2) facies analysis reveals that channels and lobes are influenced (re-routed and confined) by salt
growth at a range of scales, from centimetre-scale sedimentological characteristics identified in
core and outcrop, to kilometre-scale geomorphological attributes visible in seismic; 3) axially-de-
rived deep-water depositional systems are heavily modified by laterally impinging mass transport
deposits formed in response to salt-controlled topographic growth of the sea bed; 4) recognition
criteria for deep-water halokinetically-influenced settings include: multiple directions of ripple lam-
ination, injectites, fluidisation structures, presence of hybrid beds, range of MTD types, strati-
graphic thickness variations, onlap of deposits against halokinetically-deformed substrate, and ab-
rupt juxtaposition of deep-water depositional facies and MTDs; 5) modelled thinning rates are up
to six times greater within 350 metres of a salt diapir, compared to further afield, and typically
decrease upwards (with time) and laterally (with distance) from the diapir; and 6) in both subsurface
and modelled scenarios, stratigraphy deposited between closely-spaced diapirs (<3 km) is de-
formed by diapirism. Conversely, in widely-spaced diapirs (>3 km), a flat, plateau-like zone is de-
veloped between the deformation zones, where halokinetic-modulation is reduced. Salt basins are
complex, due to: the presence and variability of the top and base salt; early diapiric stratigraphy;
non-piercing diapirs; and salt-related faults, therefore, even these ‘minimal modulation’ zones are
unlikely to contain stratigraphy which is completely undeformed by halokinesis.

The integration of these diverse techniques allows for the spatial and temporal distribution of
deep-water facies and architectures in salt-influenced basins to be recognised. These characteristics
are compared to their halokinetically-influenced counterparts from different depositional environ-
ments, and unconfined, or non-halokinetic topographically-confined deep-water basins. In most
deep-water successions the dominant controls are allocyclic (external), but these successions are
heavily influenced by halokinesis (salt growth) which drives autocyclic (internal) modulation of the
primary depositional signal. Supplementing subsurface data with modelled stratal architectures and
global outcrop observations from exhumed halokinetically-influenced settings aids the prediction
of sedimentary unit thickness, facies, architectures, deformation, halokinetic alteration and thin-
ning rates. This combined approach can be used to test interpretations arising from incomplete or
low-resolution subsurface and outcrop data when building geological models. When applied to
petroleum exploration and development, geothermal energy extraction, and to carbon and hydro-
gen storage industries in salt basins globally, this approach enables better prediction of trap geom-
etry, and reservoir quality and distribution.
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Chapter 1: Rationale

The interaction of sediment gravity flows with seafloor topography (such as salt-cored structures)
strongly influences the evolution of the individual flows, and hence the development of the entire
sedimentary system that they build. These sedimentary bodies may act as reservoirs for hydrocar-
bons, or potential sites for carbon sequestration, and additionally, their post-depositional remobi-
lisation can present a geohazard in terms of seafloor infrastructure (Hodgson et al. 1992; Jackson
and Hudec 2017; Maia da Costa et al. 2018; Roelofse et al. 2019; Pichel and Jackson 2020). Corre-
spondingly, understanding the way that sediment gravity flows interact with topography can be of
considerable commercial importance. The evolution of such flows, and ultimately systems, in set-
tings affected by topography is hypothesised to significantly differ from those deposited in settings
absent in topography (Kneller et al. 1991; McCaffrey and Kneller 2001; Sinclair and Tomasso 2002;
Amy et al. 2004; Hodgson and Haughton 2004; Cullen et al. 2019; Soutter et al. 2019; Cumberpatch
et al. 2021a; b). Stratigraphy deposited in basins with active, quickly-growing topography (e.g., salt
diapirs) is also speculated to differ from that deposited adjacent to static or slowly-moving topog-
raphy (such as mass transport deposits (e.g., Ortiz-Karpf et al. 2015; 2015) or slowly deforming
fold and thrust belts (e.g., Hodgson and Haughton 2004; Kane et al. 2010; Bakke et al. 2013;
Soutter et al. 2019). Much of our understanding of deep-water depositional processes, stacking
patterns and system evolution is derived from settings without significant topography, or those
influenced by static topography, and therefore may be redundant, or require alteration to be fit for
purpose in salt-influenced deep-water settings (e.g., Mayall et al. 2006; 2010; Oluboyo et al. 2014;
Doughty-Jones et al. 2017;2019; Soutter et al. 2019; Cumberpatch et al. 2021b). For consistency in
this thesis and associated manuscripts, sedimentary systems, below storm wave base that have been
affected by active salt growth are termed ‘halokinetically-influenced deep-water systems’.

1.1 What are halokinetically-influenced deep-water systems and why are they
important?

Deformation by salt-tectonics influences over 120 sedimentary basins globally (e.g., Hudec and
Jackson 2007). These basins include some of the world’s largest subsurface energy-producing
provinces, such as the Gulf of Mexico (e.g., Booth et al. 2003; Hudec et al. 2013), the North Sea
(e.g., Mannie et al. 2014; Chatrles and Ryzhikov 2015; Stricker et al. 2018), offshore Angola (e.g.,
Oluboyo et al. 2014; Doughty-Jones et al. 2017; Howlett et al. 2020), offshore Brazil (e.g., Rodri-
guez et al., 2018; 2020; Pichel et al., 2019), and the Precaspian Basin (e.g. Duffy et al., 2017; Pichel
and Jackson 2020). Subsurface studies have shown that salt structures deforming the seafloor can
exert substantial control on the location, pathway, and architecture of lobe, channel-fill, levee, and
mass-transport deposits (e.g., Mayall et al. 2006, 2010; Jones et al. 2012; Wu et al. 2020; Howlett
et al. 2020), with evidence for sediment gravity flows being ponded, diverted, deflected, and con-
fined by salt structures (Jones et al. 2012; Oluboyo et al. 2014; Howlett et al. 2020; Cumberpatch
et al. 2021b). However, questions remain regarding: the temporal and lateral extent of such salt-
influence; the variability of deep-water facies and architectures around salt structures; how haloki-
netically-influenced deep-water settings can be identified across multiple scales in different types
of data; and what ultimately controls the amount, type and extent of influence that a salt structure
has on a deep-water depositional system.

In order to address these questions, and others, there is a need to better understand the interactions
of sedimentary processes interacting with topographic relief associated with salt tectonics, to pro-
vide insight into sediment routing patterns around topography (e.g., Giles and Lawton 2002; Ro-
wan et al. 2003; Ribes et al. 2015; Pichel and Jackson 2020; Cumberpatch et al. 2021b). As a con-
sequence, this can improve predictions of reservoir distribution and trap geometry and style for
carbon storage (e.g., Maia da Costa et al. 2018; Roelofse et al. 2019), geothermal energy (e.g., Harms
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2015; Daniilidis and Herber 2017; Andrews et al. 2020), and hydrocarbons (e.g., Hodgson et al.
1992; Jackson and Hudec 2017; Pichel and Jackson 2020).

The sedimentology and stratigraphic architecture of deep-water systems deposited in unconfined
basins (e.g., Johnson et al. 2001; Baas 2004; Hodgson 2009; Prélat et al. 2009; Hodgson et al. 2011;
Spychala et al. 2017), or in basins with static or relatively static topography (e.g., Kneller et al. 1991;
McCaffrey and Kneller 2001; Sinclair and Tomasso 2002; Amy et al. 2004; Soutter et al. 2019), are
reasonably well-established compared to those in basins influenced by active topography (e.g.,
Hodgson and Haughton 2004; Cullen et al. 2019; Cumberpatch et al. 2021a;b). Due to the breadth
and depth of research in unconfined deep-water settings, numerous concepts, models and phe-
nomenon are proposed which are often taken to be directly analogous for deep-water systems
influenced by salt tectonics (Pratson and Ryan 1994; Booth et al. 2003; Madof et al. 2009). For
example, reservoir models for the Gulf of Mexico (a salt-influenced setting e.g., Jackson and Hudec
2017), often use deep-water facies and architectures derived from the Karoo Basin, South Africa
(a well-studied exposed, unconfined deep-water setting e.g., Hogdson 2009; Prélat et al. 2009; Spy-
chala et al. 2017). However, facies and architecture are likely to be more variable over the same
length scale when influenced by salt topography, systems are likely to experience more tectonic
deformation; depositional elements will exploit topographic lows created by salt-growth, vary spa-
tially and temporarily, and be influenced by a mixture of allogenic, autogenic and halokinetic con-
trols (Cumberpatch et al. 2021 b;c;d). Therefore, the preconception that understanding from un-
confined settings can be directly applied to confined settings is an oversimplification, that will not
capture the stratigraphic complexity, variability and modulation caused by salt growth, from the
flow to the sedimentary environment scale.

On the other hand, halokinetically-influenced stratigraphy is well documented in outcrop and sub-
surface studies (Giles and Lawton 2002; Rowan et al. 2003; Madof et al. 2009; Giles and Rowan
2012; Rowan and Giles 2021), for different depositional environments (Giles and Lawton 2002;
Banham and Mountney 2013a; b; 2014; Poprawski et al. 2014; 2016; Ribes et al. 2015; 2017; Counts
and Amos 2016; Counts et al. 2019; Cumberpatch et al. 2021b). Successions of genetically related
growth strata influenced by near-surface diapiric or extrusive salt form unconformity-bounded
packages of thinned and folded strata termed ‘halokinetic sequences’, which become composite
when stacked (Giles and Rowan 2012; Rowan and Giles 2021). The geometry and stacking of
composite sequences are dependent on the interplay between sediment accumulation rate and di-
apir rise rate. Giles and Rowan (2012) recognize two end-member stacking patterns; tapered
(stacked wedge) and tabular (stacked hook). The scale of these sequences (<1500 m) suggests they
typically modify and complicate stratigraphic traps adjacent to salt structures (Rowan and Giles
2021). These generic stratigraphic models are not representative of any particular sedimentary en-
vironment, and thus show the amount of upturn and pinch-out of stratigraphy that may be ex-
pected regardless of specific depositional environment controls. Detailed depositional facies mod-
els can be developed using these conceptual stratigraphic models by integrating subsurface (e.g.,
Madof et al. 2009; Rodriguez et al. 2020) and outcrop datasets (e.g., Banham and Mountney 2013a;
b; 2014; Cumberpatch et al. 2021b) providing a useful framework to be more predictive about the
distributions of depositional elements that can be applied to salt-influenced basins globally. Such
combined stratigraphic-depositional element models exist for shallow- (Giles and Lawton 2002;
Giles and Rowan 2012), and non- marine (Banham and Mountney 2013a; b; 2014; Ribes et al.
2015; 2017) siliciclastic and carbonate environments (Poprawski et al. 2014; 2016). However, prior
to this study, such information was limited for deep-water siliciclastic settings due to the rarity of
outcropping halokinetically-influenced deep-water stratigraphy (Cumberpatch et al. 2021b). This
often resulted in generic halokinetic sequence models, being used in combination with facies dis-
tributions from different environments (which differ in depositional processes and evolution to
deep-water environments), or from unconfined deep-water environments (which do not take into
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account lateral facies variability approaching salt diapirs) (Cumberpatch et al. 2021b;c;d). There-
fore, the preconception that understanding of one halokientically-influenced environment can be
directly applied to all others is an underestimate of the complexity of salt-basins, that does not
capture: the different depositional flow processes acting in deep-water settings; the different archi-
tectures and stacking patterns associated with deep-water environments, the lack of sub-aerial ex-
posure of salt structures and the prolonged periods of quiescence (suspension fall out) between
gravity flow deposition in deep-water settings (Giles and Rowan 2012; Rowan and Giles 2021;
Roca et al. 2021; Cumberpatch et al. 2021b).

In short, there is a necessity to understand halokinetically-influenced deep-water systems, across
multiple-scales and techniques, rather than representing them using a combination of the unfo-
cussed models and understanding described above. This will help to reduce uncertainty associated
with salt-influenced deep-water settings, in order to accurately capture complexity when visualising
subsurface energy prospects.

1.2 How does an integrated approach help to understand halokinetically-influenced
deep-water systems?

Constraining the dynamic evolution of the depositional systems around salt topography through
time and space is challenging, especially using just one method. Despite advances in the quantity
and quality of 3D seismic reflection data, the salt-sediment interface remains difficult to image due
to ray path distortion at the salt-sediment interface, poor velocity control, steep to overturned
bedding and near-diapir deformation associated with salt rise (Jones and Davison 2014). Resolu-
tion issues caused by variable lithological distributions, both within the salt and its overburden
further complicate seismic reflection-based, subsurface analysis (Davison et al. 2000; Jones and
Davison 2014). This leads to difficulties deciphering salt from stratigraphy in reflection data and
various attributes, and leads to uncertainty in prediction of facies and thicknesses via seismic meth-
ods (e.g., Berton and Vesely 2016; Hossain 2019). Therefore, halokinetically-influenced deposi-
tional systems (or portions of such systems) benefit from calibration with outcrop analogues (e.g.,
Lerche and Petersen 1995; Jackson and Hudec 2017).

Exposed examples are often limited in the rock record, largely due to dissolution of halite forming
the core of the salt (Jackson and Hudec 2017). Often, halokinetically-influenced stratigraphy has
been subject to subsequent erosion, inversion and uplift, making it difficult to decipher if strati-
graphic deformation is salt-related or a later overprint (e.g., Soto et al. 2017). Outcropping exam-
ples are often incomplete, without full source-to-sink coverage, making interpreting interplaying
controls difficult, and outcrops often do not have adequate three-dimensional coverage, making
correlations difficult and extrapolations required. Deep-water facies often vary as they approach
salt structures, and therefore the very nature of these deposits (i.e., not consistent lithofacies for
numerous kilometres) makes it difficult to correlate with confidence in the absence of a detailed
biostratigraphic framework (Agirrezabala and Lépez-Horgue 2017). Many outcrop examples are
small in size compared to subsurface basins and therefore provide only small-scale details of, for
example, sedimentary structures and stratal stacking patterns, rather than the larger, basin-scale
tectonostratigraphic context of salt-sediment interactions provided by integrated subsurface da-
tasets.

While valuable, each subsurface or outcrop example represents a unique record of the ratio of salt
rise and sedimentation rate, and therefore concepts created using just one example are not directly
transferable to all settings. Also, subsurface and outcrop examples provide only one ‘snapshot’ in
time of a complicated evolution controlled by a dynamic interplay of parameters (sedimentation
rate, salt supply etc.). Models enable multiple scenarios to be tested, and end members to be cre-
ated, providing the ability to isolate and study one specific controlling variable to understand its
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influence on system evolution, which is impossible in nature. However, all models are based on
lots of assumptions, most notably regarding scaling (Davison et al. 1993; Dooley et al. 2013; 2015;
2020; Ferrer et al. 2017; Soutter et al. 2021), and are simplified (often two-dimensional) compared
to natural examples (Finch et al. 2003; 2004; Gaullier and Vendeville 2005; Dooley and Hudec
2017; Pichel et al. 2017; 2019; Cumberpatch et al. 2021b). Physical models have an advantage in
recreating the evolution of specific subsurface analogues (Dooley et al. 2013; 2015; 2020; Dooley
and Hudec, 2017; Ferrer et al. 2017; Roma et al. 2018) and studying sedimentary gravity-currents
flow distribution and evolution adjacent to salt topography (Gaullier and Vendeville, 2005; Sellier
and Vendeville, 2009; Soutter et al. 2021). Numerical models make it possible to quickly and inex-
pensively isolate and investigate the influence of a specific variable. Finite Element Models (FEM)
are advantageous for studying ductile deformation and salt flow dynamics (Albertz and Ings 2012),
conditions required for initiation and development of diapirism (Poliakov et al. 1993; Gemmer et
al., 2004; 2005; Chemia et al. 2008; Fuchs et al. 2011; Fernandez and Kaus 2015; Nikolinakou et
al. 2017; Hamilton-Wright et al. 2019; Peel et al. 2020) and salt-related stress and strain analysis (
Luo et al. 2012; 2017; Nikolinakou et al. 2012; 2014a; b; 2018; Heidari et al. 2017). Discrete Ele-
ment Models (DEM) replicate spontaneous, realistic, localised fault nucleation and growth (Finch
et al. 2003; 2004; Imber et al. 2004; Hardy and Finch 2005; 2006; Abe and Urai 2012; Katz et al.
2014; Pichel et al. 2017; 2019; Cumberpatch et al. 2021b) and are therefore appropriate for studying
regional-scale compressional salt tectonics (Pichel et al. 2017), the effects of base salt relief on salt
flow and overburden deformation styles (Pichel et al. 2019), and the interactions between salt-
related topography, sedimentation and stratigraphic evolution (Cumberpatch et al. 2021¢;d).

Opverall, it is imperative to integrate multiple data types and scales of observations, interpretations
and understanding in order to get the most complete picture of the processes operating in deep-
water halokinetically-influenced settings. Subsurface data commonly enhances understanding of:
mega-sequence scale salt-stratigraphy relationships; minibasin evolution; variation in relative sedi-
mentation rate versus diapir rise rate through halokinetic sequence analysis; source-to-sink rela-
tionships enabling inferences about local and regional controls; stratigraphic architecture and ter-
mination analysis; and lateral and temporal variability in three-dimensions (incorporating well, seis-
mic and core data). Outcrop analysis typically allows better comprehension of small-scale details,
such as: bed-scale flow processes and facies variability; sedimentary structures providing evidence
for reflection and deflection of flows; interaction of halokinetically-derived and allogenically-de-
rived depositional elements; stacking patterns; geometrical configurations of stratal terminations;
thickness variations and reservoir quality deterioration. This often provides two-dimensional stra-
tal panels, below the scale of seismic-resolution, which may act as lateral analogues to one-dimen-
sional core data; and aid prediction of physical properties of subsurface. Numerical and physical
models enable halokinetic-stratigraphic relationships to be studied through time, and provide the
unique opportunity to isolate and test a number of controls (e.g., sedimentation rate, diapir geom-
etry, salt density) in order to generate end members quickly. This thesis integrates subsurface, field
and numerical modelling data to better comprehend the processes operating, controlling and in-
fluencing the evolution of deep-water halokinetically-influenced environments across multiple
scales.

1.3 Thesis aims

The fundamental aim of this thesis is to decipher halokinetic (salt) from allocyclic (external) and
autocyclic (internal) controls in deep-water systems. Put simply, this thesis aims to investigate how
and why salt-influenced deep-water systems differ from those where no salt topography is present.

More specifically this thesis aims to:

e Understand how sediment gravity flows and their subsequent deposits are distributed
around active topography
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e Investigate how halokinesis can modulate stratigraphy and mask allocyclic signals

e Explain how sedimentation rates and variable confinement impact halokinetic modulation.

Furthermore, this work will document an exposed example of a halokinetically-influenced deep-
water system to complement the global atlases of other halokinetically-influenced environments,
and deep-water settings influenced by static, relatively static or absent in, topography. This will be
a useful analogue for subsurface energy exploration and production in salt basins globally.

1.4 Thesis objectives

In order to achieve the above, this thesis has the following objectives:

1) Document deep-water facies and architecture variability around salt structures
across different scales and data types, with different amounts of salt-induced confinement,
recording the development of a coeval deep-water axial and debrite rich lateral depositional
system and characterising distribution in terms of halokinetically or allocyclically con-
trolled.

2) Analyse lateral and temporal variations in halokinetic modulation of stratigraphic
architectures in response to different sedimentation rates and amount of diapiric confine-
ment, quantify near-diapir thinning rates and pinch-out geometries, compare modelled re-
sults to subsurface and field analogues to test their validity.

3) Distinguish criteria for the recognition of halokinetically-influenced deep-water
systems across different scales and datasets, for comparison to other salt influenced envi-
ronments and basins effected by different types of, or no topography, in order to better
predict reservoir properties in subsurface energy exploration.

1.5 Thesis outline

This thesis has been prepared in journal format in accordance with the standards set forth by The
University of Manchester. This thesis consists of seven chapters and associated appendix material.
Chapters 3, 4, and 5 have been written in a format suitable for publication in a peer-reviewed
journal.

Chapter 2: An overview of existing literature on halokinetically-influenced deep-water systems is
presented within the context of how deep-water sediment gravity flows, and their associated dep-
ositional products are influenced by salt related topography. The different approaches to studying
salt-sediment interactions are outlined, and a number of case studies are used to highlight these
different approaches, current understanding and industrial application. This serves as a foundation
for the research presented in Chapters 3, 4 and 5.

Chapter 3: Interactions between deep-water gravity flows and active salt tectonics: an exposed
example from the Bakio Diapir, Basque-Cantabrian Basin, Northern Spain

Status: Published in Journal of Sedimentary Research

Cumberpatch, Z.A., Kane, 1.A., Soutter, E.L., Hodgson, D.M., Jackson, C. A-L., Kilhams, B.A., and
Poprawski, Y., 2021, Interactions of deep-water gravity flows and active salt tectonics, Journal of Sedimentary
Research, v. 91, p. 34-65.

Author contributions: Zo¢ Cumberpatch (Lead Author, data collection, processing, and analysis,
writing manuscript and preparing figures), Ian Kane (field assistance, supervision, discussion, man-
uscript editing), Euan Soutter (field assistance, discussion, manuscript editing), David Hodgson
(supervision, discussion, manuscript editing), Christopher Jackson (supervision, discussion, man-
uscript editing), Ben Kilhams (supervision, discussion, manuscript editing), Yohan Poprawski (dis-
cussion, manuscript editing).

Summary: This study uses a rare exposed example of halokinetically-influenced deep-water stra-
tigraphy to: 1) document lateral and vertical changes in deep-water facies and architecture with
variable amounts of salt-induced confinement; 2) document the evolution of coeval deep-water
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axial and debrite-rich lateral depositional systems; and 3) distinguish criteria for the recognition of
halokinetically-influenced deep-water systems.
Highlights:

o Stratigraphic variability and juxtaposition of architectural elements in the studied basins is
high and controlled by the interplay of halokinetic, autocyclic, and allocyclic processes.

» Confinement against topography increases the effects of allocyclic progradation.

o Indicators of active topography include: hybrid beds; remobilised strata; lateral thickness
changes over short distances; reversal in ripple cross- lamination in beds; and intercalation
of debrites throughout the stratigraphy. These indicators individually are not diagnostic of
salt-influenced topography, but collectively they provide a set of features that support in-
terpretation of halokinetic modulation of a deep-water setting.

» TFollowing the cessation of diapir growth, topography does not heal instantly, and the “pas-
sive” paleotopography continues to confine subsequent depositional systems despite diapir
1nactivity.

o Closely related depositional systems can be highly variable depending on their complete or
partial confinement. Stacked, amalgamated sandstones are observed between two confin-
ing barriers, whereas more variable architectures are observed where only partial confine-
ment is present. These observations are due to the modulation of a broadly progradational
system by halokinetically-influenced lateral barriers and the coeval development of axial
allocyclic and lateral debrite-rich depositional systems.

Chapter 4: External signal preservation in halokinetic stratigraphy: A discrete element modelling
approach

Status: Part published in Geology and part published with Basin Research

Cumberpatch, Z.A., Finch, E., and Kane, 1. A., 2021, External signal preservation in halokinetic stratigraphy:
A discrete element modelling approach: Geology, v. 49 (6), p.687-692. (Appendix A)

Cumberpatch, Z A., Finch, E., Kane, 1. A., Pichel, 1.M., Jackson, C.A-L., Kilhams, B.A., Hodgson, D.M.,
and Hunse, M., accepted, Halokinetic modulation of sedimentary thickness and architecture: a numerical modelling
approach: Basin Research, accepted, in press, available online (Appendix B).

Author contributions: Zoé Cumberpatch (Lead Author, data collection, processing, and analysis,
writing manuscript and preparing figures), Emma Finch (model design, discussion, supervision,
manuscript review), lan Kane (discussion, supervision, manuscript review), Leonardo Pichel (dis-
cussion, manuscript review), Christopher Jackson (discussion, supervision, manusctipt review),
Ben Kilhams (discussion, supervision, manuscript review), David Hodgson (discussion, supervi-
sion, manuscript review), Mads Huuse (discussion, manuscript review).

Summary: A discrete element model (DEM) is used to understand how sedimentation rate effects
stratal geometries in salt basins experiencing diapirism, and to test the hypothesis that halokinesis
can modulate stratigraphy and mask allocyclic signals. The study aims to: 1) identify and quantify
thickness variations and pinch-out geometries in a salt-influenced depositional system; 2) investi-
gate how halokinetic modulation of stratigraphic architectures changes with variable syn-kinematic
sedimentation rates adjacent to a dynamic salt diapir; and 3) compare the results to subsurface and
tield analogues to test the validity of our model predictions.

Highlights:

o Laterally, we observe a zone of ~1150 m to ecither side of the diapir that is influenced by
halokinesis, and beyond this zone, strata are undeformed.

o The models generate realistic salt-related faults. In all models, structural deformation and
extent of halokinetic influence are similar, and syn-kinematic strata, at least initially, are
isolated to either side of the diapir, thinning and onlapping towards the high.

o Inall models, thinning is about six times greater between the salt flank and crest, compared
to the undeformed section and the salt flank, indicating more intense deformation close to
the diapir.
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o Thinning rate decreases through time (up stratigraphy), showing a reduction of halokinetic
modulation with increased sediment thickness, as halokinetic bathymetry is ‘healed’.

o While the overall modulation style close to the diapir is stratigraphic thinning, stratigraphic
thickening is observed in the salt-withdrawal basins.

Chapter 5: How confined is confined? An investigation into the effect of diapir-induced topo-
graphic spacing on Paleocene deep-water sediment dispersal in the Eastern Central Graben, UK
Status: In preparation for submission to Petroleum Geoscience

Cumberpateh, Z.A., Kilhams, B.A., Kane, 1.A., Finch, E., Jackson, C., A-L., Hodgson, D.M., Hunse, M.,
and Grant, R.]., in preparation, How confined is confined? An investigation into the effect of diapir-induced topo-
graphic spacing on deep-water sediment dispersal: in preparation for submission to Petrolenn Geoscience.

Author contributions: Zoé Cumberpatch (Lead Author, data collection, processing, and analysis,
writing manuscript and preparing figures), Ben Kilhams (supervision, discussion, manuscript re-
view), Ian Kane (supervision, discussion, manuscript review), Emma Finch (model design, super-
vision, discussion, manuscript review), Christopher Jackson (supervision, discussion, manuscript
review), David Hodgson (supervision, discussion, manuscript review), Mads Huuse (discussion,
manuscript review), Ross Grant (discussion, manuscript review).

Summary: This study uses a wealth of subsurface data and understanding from the well-studied
salt-influenced Paleocene basin floor system in the Eastern Central Graben of the UK North Sea,
to study deep-water facies and architecture distribution around diapirs, and the effects of lateral
spacing of salt diapirs on halokinetic modulation. This study compares modification of deep-water
stratigraphy between subsurface spaced diapirs to the results of a simple two-dimensional discrete
element model (DEM) with variably spaced diapirs, aiming to: 1) Analyse salt-influenced deep-
water facies and characterise their distribution in terms of halokinetic or allocyclically controlled;
2) compare stratigraphic architectures between variably spaced salt structures; and 3) describe the
extent of halokinetically modified stratigraphy between different distances of confinement.
Highlights:

o TFacies analysis in the Paleocene of the Eastern Central Graben, UK North Sea, reveals that
channels and lobes are influenced (re-routed and confined) by salt growth on a number of
different scales (from centimetre-scale sedimentological character in core, to kilometre-
scale geomorphological attributes in seismic).

o Stratigraphic thickness variations are common regardless of diapir spacing; thickening is
observed in subsurface and models in the salt withdrawal basin, with thickening being most
common above areas of autochthonous thinned salt.

o Inclosely spaced diapirs (<3km) a synclinal shaped minibasin develops with steeply rotated
flanks, reflecting diapir growth. In more widely spaced diapirs (>4km) there is a zone be-
tween the diapirs where stratigraphy is relatively flat, forming a broad plateau.

o Between closely spaced diapirs (<3 km) the zone of halokinetic influence of one diapir is
laterally connected to the halokinetic influence of another diapir, such that the zone be-
tween the diapirs is influenced by both structures. When diapirs are more than 4 km apart
there is a zone of minimal deformation that develops between the diapirs.

e Due to the complexity of salt basins, and therefore the presence and variability in the early
diapiric stratigraphy and salt-related faults, even these ‘minimal modulation’ zones are un-
likely to contain stratigraphy which is completely undeformed. Subsurface energy pro-
spects are likely to be influenced by subtle salt-related topography even far away from
diapirs.

Chapter 6: A synthesis of the results, discussions, conclusions and applications of the previous
chapters is presented within the contexts of the three broad research aims outlined in Chapter 1.
An outlook on future work is presented.

Chapter 7: The key conclusions, learnings and recommendations arising from this thesis are sum-
marised.
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Appendix A: Manuscript associated with Chapter 4
Cumberpatch, Z.A., Finch, E., and Kane, 1. A., 2021, External signal preservation in halokinetic stratigraphy:
A discrete element modelling approach: Geology, v. 49 (6), p.687-692.
Appendix B: Manuscript associated with Chapter 4
Cumberpatch, Z A., Finch, E., Kane, 1.A., Pichel, .M., Jackson, C.A-L., Kilhams, B.A., Hodgson, D.M.,
and Hunse, M., accepted, Halokinetic modulation of sedimentary thickness and architecture: a numerical modelling
approach: Basin Research, accepted, in press, available online.
Appendix C: Supplementary manuscript used in Chapter 6
Cumberpatch, Z.A., Soutter, E.L., Kane, 1.A., Casson, M., and V'incent, S.J., 2020, Evolution of a mixed
siliciclastic-carbonate deep-marine system on an unstable margin: the Cretaceous of the Eastern Greater Cancasus,
Agzerbagjan. Basin Research, v. 33 (1), p. 612-647.
Author contributions: Zoé Cumberpatch (Lead Author, data collection, processing, and analysis,
writing manuscript and preparing figures), Euan Soutter (data collecting, processing and analysis,
writing manuscript and preparing figures), Ian Kane (supervision, discussion, manuscript review),
Max Casson (discussion, manuscript review), Steve Vincent (discussion, manuscript review).
Summary: This study addresses how exportable depositional models (documenting sub-seismic
scale facies variability, stacking patterns and hierarchies) developed in deep-water siliciclastic envi-
ronments are to mixed deep-water carbonate-siliciclastic systems. The study aims to: 1) document
characteristics of mixed lobes; 2) discuss processes that govern their deposition; 3) compare mixed
lobes with their siliciclastic counterparts; 4) describe the sedimentological evolution of the Eastern
Greater Caucasus throughout the Cretaceous; and 5) provide insights into depocentres character-
ised by unstable margins.
Highlights:
o Tor the first time a mixed siliciclastic-carbonate deep-water system is documented in the
Eastern Greater Caucasus of Azerbaijan.
o A siliciclastic submarine channel complex abruptly transitions into an overlying mixed si-
liciclastic-carbonate lobe succession.
e Deep-marine depositional systems were affected by submarine landslide topography dur-
ing deposition.
o Interaction between the two contemporaneous systems makes typical lobe stacking pat-
terns difficult to decipher.
o The evolution of a mixed siliciclastic-carbonate deep-marine system offshore The Gambia,
NW Africa is suggested as an offshore analogue.

Appendix D: Supplementary manuscript used in Chapter 6

Soutter, E.L., Bell, D. Cumberpatch, Z.A., Ferguson, R.A., Kane, 1. A., Spychala, Y., and Eggenbuisen, ].
2021, The Influence of Confining Topography Orientation on Experimental Turbidity Currents and Geological
Implications: Frontiers in Earth Science, v. 8.

Author contributions: Euan Soutter (Lead Author, data collection, processing, and analysis, writ-
ing manuscript and preparing figures), Daniel Bell (data collection, processing, and analysis, dis-
cussion, manuscript review), Zoé¢ Cumberpatch (data collection, processing, and analysis, discus-
sion, manuscript review), Ross Ferguson (data collection, discussion, manuscript review), lan Kane
(supervision, data collection, discussion, manuscript review), Yvonne Spychala (supervision, data
collection, discussion, manuscript review), Joris Eggenhuisen (discussion, manuscript review).
Summary: This study documents scaled physical models of turbidity currents interacting with
basin-floor topography and has three main aims: 1) to assess the effect of confining topography
otientation (0, 45, and 90°) on turbidity currents and their deposits; 2) to explore the effect of
topography on flow criticality and associated depositional features; and 3) to use these findings to
aid in the stratigraphic interpretation of deep-water basins.
Highlights:

22



o Unconfined turbidity currents are able to spread radially over the slope, forming a lobate
deposit that thickens, then thins distally.

o Laterally confined turbidity currents are prevented from spreading on one side, forming
an asymmetric deposit. Down-dip thinning rates are also reduced in a laterally confined
setting, allowing flows to deposit farther into the basin.

o  Oblique confinement resulted in an upstream deflected deposit and a downstream deposit,
which has implications for deposit correlation in deep-water outcrop and subsurface da-
tasets.

o TFrontal confinement caused lateral spreading, with inferred trapping of coarse grains
higher on the slope, compared to unconfined deposits.

o Two styles of topographically-forced hydraulic jump are inferred from these experiments.
Upstream jumps are formed when flows rapidly decelerate upstream of slope topography,
resulting in the deposition of thick sandstones up-dip of topography. Downstream jumps
are formed downstream of topography and are caused by rapid deceleration of flows at
the foot of the barrier, with slope erosion occurring at the foot of the barrier as the flow
impacts the slope.

1.6  List of publications

Manuscripts that form the basis of this thesis

Cumberpatch, Z.A., Kane, L.A., Soutter, E.L., Hodgson, D.M., Jackson, C. A-L., Kilhams, B.A.,
and Poprawski, Y., 2021, Interactions of deep-water gravity flows and active salt tectonics, Journal
of Sedimentary Research, v. 91, p. 34-65.

Cumberpatch, Z.A., Finch, E., and Kane, I. A., 2021, External signal preservation in halokinetic
stratigraphy: A discrete element modelling approach: Geology, v. 49 (6), p.687-692.
Cumberpatch, Z A., Finch, E., Kane, I.A., Pichel, .M., Jackson, C.A-L., Kilhams, B.A., Hodg-
son, D.M., and Huuse, M., in press, Halokinetic modulation of sedimentary thickness and archi-
tecture: a numerical modelling approach: Basin Research, accepted, in press, available online.
Cumberpatch, Z.A., Kilhams, B.A., Kane, I.A., Finch, E., Jackson, C., A-L., Hodgson, D.M.,
Huuse, M., and Grant, R.J., in preparation, How confined is confined? An investigation into the
effect of diapir-induced topographic spacing on paleocene deep-water sediment dispersal: in prep-
aration for submission to Petroleum Geoscience.

Additional manuscript contributions within deep water sedimentology

Bell, D., Soutter, E.L., Cumberpatch., Z.A., Ferguson, R.A., Spychala, Y., Kane, I.A., and Eg-
genhuisen, J., 2021, Flow process controls on grain-type distribution in an experimental turbidity
current deposit: Implications for signal-preservation and microplastic distribution in submarine
fans: The Depositional Record, accepted, available online.

Cumberpatch, Z.A., Soutter, E.L., Kane, I.A., Casson, M., and Vincent, S.J., 2021, Evolution of
a mixed siliciclastic-carbonate deep-marine system on an unstable margin: the Cretaceous of the
Eastern Greater Caucasus, Azerbaijan. Basin Research, v. 33 (1), p. 612-647.

Kane, I, A., Ayckbourne, A., Bell, D., Cumberpatch, Z.A., Ferguson, R., Fuhrmann, A., Mar-
tinez-dofiate, A., and Soutter, E.L., in preparation, Bed-scale indicators of sediment gravity flow
sedimentation against topography. in preparation for submission to Frontiers in Earth Science.
Poprawski, Y., Basile, C., Cumberpatch, Z., and Eude, A., 2021, Mass transport deposits in deep-
water minibasins: outcropping examples from the minibasins adjacent to the Bakio salt wall
(Basque Country), Northern Spain: Marine and Petroleum Geology, accepted, in press, available
online.
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Soutter, E.L., Kane, I.A., Fuhrmann, A., Cumberpatch, Z.A., and Huuse, M. 2019. The Strati-
graphic Evolution of Onlap in Clastic Deep-marine Systems: Autogenic Modulation of Allogenic
Signals. Journal of Sedimentary Research, 89 (10), 890-917.

Soutter, E.L., Bell, D. Cumberpatch, Z.A., Ferguson, R.A., Kane, I.A., Spychala, Y.T', and Eg-
genhuisen, J. 2021, The Influence of Confining Topography Orientation on Experimental Turbid-
ity Currents and Geological Implications: Frontiers in Earth Science, v. 8.

Additional research

Andrews, B.J., Cumberpatch, Z.A., Shipton, Z.K., and Lord, R. 2020, Collapse processes in
abandoned pillar and stall coal mines: Implications for shallow mine geothermal energy: Geother-
mics, v. 88, 101904.

Andrews, B.]., Cumberpatch, Z.A., Shipton, Z.K., and Lord, R., in preparation, Small scale sed-
imentary heterogeneity controls large scale fracture network geometry: in preparation for submis-
sion to Journal of the Geological Society.
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Chapter 2: Halokinetically-influenced deep-water sedimentary systems:
processes, products, interactions and implications

2.1 Introduction

Deep-water depositional systems

Deep-water sedimentary systems are amongst the most volumetrically and economically significant
sedimentary deposits on the Earth, and are often the ultimate sink of sediment and pollutants
transported to the ocean. Consequently, they have been well studied for over 70 years and continue
to be studied today (e.g., Kuenen and Migliorini 1950; Bouma et al. 1962; Hampton 1972; Mutti
1977; Lowe 1982; Hiscott 1994; Clark and Pickering 1996; Baas and Best 2002; Kneller 2003;
Mayall et al. 2006; Kane et al. 2007; Haughton et al. 2009; Prélat et al. 2009; Kane and Hodgson
2011; Kane and Pontén 2012; Bakke et al. 2013; Hodgson et al. 2016; Jobe et al. 2017; Southern
et al. 2017; Spychala et al. 2017; Bell et al. 2018 a;b; Soutter et al. 2018; 2019; 2021; Ferguson et al.
2020; Fuhrmann et al. 2020).

Deep-water sedimentary systems, formed predominantly by sediment gravity flows, are typically
characterised by canyon- or delta-fed submarine slope channels, which act as sediment conduits
for deposition in the deep-marine environment (Burke 1972; Normark 1978; Normark and Piper
1991). Fundamentally, sediment can be sourced for delivery to deep-water environments in one of
two ways. Usually, sediment is eroded from the hinterland and transported to continental margins
via rivers; this can provide direct sediment supply to the deep ocean when deep-water systems are
directly connected to fluvial drainage systems (Blum and Hattier-Womack 2009). Alternatively,
littoral drift along coastlines can feed sediment into submarine canyons that are incised through
continental shelves to the shoreline (Normark 1970; McArthur and McCaffrey 2019). Both of
these mechanisms can result in build-up of sediment, that eventually becomes unstable, on the
continental shelf and upper slope. This instability, and commonly an external trigger mechanism
(e.g., sea level change (Weaver and Kuipers 1983), earthquakes or storms (Fine et al. 2005; Prior
and Coleman 1982) or changes in continental slope physiography (Assier-Rzadkiewicz et al. 2000))
can result in the collapse of the unstable sediment, forming a range of sediment gravity flows
(Masson et al. 2006; Clare et al. 2016). The submarine gravity flows that feed these deep-water
depositional systems are amongst the largest sediment transport agents on Earth, with individual
flows transporting up to an order of magnitude more sediment than the annual global sediment
flux of all rivers (Milliman and Syvitski 1992; Talling et al. 2007).

The basinal expression of these conduit-fed sediment gravity flows is a broadly fan-shaped geom-
etry (referred to as ‘submarine fans’), consisting of individual lobe-shaped deposits (Walker 1978;
Normark and Piper 1991). From proximal to distal, submarine fan systems generally comprise: a
large feeder canyon or channel, which may significantly cut back into the continental slope (Figure
2.1; e.g., Burke 1972; Normark 1978; Walker 1992; Millington and Clark, 1995; Kolla et al., 2001;
Prather 2003; Wynn et al. 2007; Jegou et al. 2008; Di Celma et al. 2014); a slope channel-levee
system, which may prograde far from the continental slope (Figure 2.1; e.g., Normark 1978; Read-
ing and Richards 1994; Bouma 2001; Posamentier 2003; Mayall et al. 2006; Kane et al. 2007; Jegou
et al. 2008; Janocko et al. 2013; Morris et al. 2014; Peakall and Sumner 2015; Hodgson et al. 2016;
Ferguson et al. 2020); and lobes at the end of the system (Figure 2.1; Walker, 1966; Mutti and
Ricci-Lucchi, 1972; Mutti, 1977; Walker 1978; Reading and Richards, 1994; Johnson et al., 2001;
Gervais et al., 2006; Deptuck et al., 2008; Prélat et al., 2009; Grundvag et al., 2014; Picot et al.,
2016; Dodd et al., 2019; Boulesteix et al. 2021; Privat et al. 2021).
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Due to their occurrence on the deep seafloor these submarine fans and the sediment gravity flows
that form them are difficult to observe directly and therefore knowledge of these deep-water dep-
ositional processes is not as advanced as their terrestrial or shallow-water counterparts (Prior et al.
1987; Hughes Clarke 2016). However, understanding the flow processes in deep-water systems
and their associated deposits, is important for: the assessment of seafloor geohazards, submarine
fibre optic cable placement, the prediction of reservoir quality distribution in the subsurface and
prediction of sediment and pollutant dispersal into the deep-oceans (e.g., Pettingill 1998; Heinrich
and Piatanesi 2000; McSaveney et al. 2000; Ward 2001; Bondevik et al. 2003; Lien et al. 2006; Hsu
et al. 20006; Saller et al. 2008; Kilhams et al. 2012; Hunt et al. 2014; Talling et al. 2014; Woodall et
al. 2014; Gwiazda et al. 2015; Marchand et al. 2015; McKie et al. 2015; Hughes Clarke et al. 2016;
Dodd et al. 2019; Kane and Clare 2019; Kane et al. 2020).

Channel-levee growth

A\ Constructional confinement

Figure 2.1: Conceptual model of a source-to-sink sedimentary system (Ferguson et al. 2020).Common external and internal
controls on submarine Jans are bhighlighted by red and blue text respectively. Cross-section locations are indicated on the model. The
typical sub-environments of a submarine fan: feeder channel, levees, and lobes, are labelled. Compensational stacking image modified
[from Prélat et al. (2009) and sonrce-to-sink cartoon modified from Somme et al. (2009).

The morphology, evolution and ultimately economic significance of deep-water sedimentary sys-
tems is dependent upon several external (allogenic) variables including sea level, climate, tectonics
and sediment supply (Figures 2.1 and 2.2; Posamentier et al. 1991; Reading 1991; Baas et al. 2005).
The combination of these variables with internal (autogenic) processes such as lobe switching and
channel avulsion, results in unique system-specific depositional environments. These systems are
further complicated where they are influenced by either static (Kneller et al. 1991; McCaffrey and
Kneller 2001; Sinclair and Tomasso 2002; Amy et al. 2004; Soutter et al. 2019; Cumberpatch et al.
2021a) or active (Hodgson and Haughton 2004; Cullen et al. 2019; Muravchik et al. 2020; Howlett
et al. 2020; Tilhams et al. 2021; Cumberpatch et al. 2021b;c) topography. This thesis focusses on
the interaction of deep-water sedimentary systems with active, salt related topography.
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Figure 2.2: Main controls on deep-water sedimentary depositional systems (Stow et al. 1996, Baas et al. 2005).

Salt basins

Basins containing appreciable volumes of evaporites display tectonic complexity and the structural
styles of deformation and sedimentary facies patterns are fundamentally different from those in
basins that lack evaporites (Jackson and Hudec 2017). This difference stems from the over-arching
fact that evaporites have mechanical and physical properties different from most siliciclastic and
carbonate rocks (Jackson and Hudec 2017). Such basins, often referred to as ‘salt giants’, consist
of hundreds to several thousand metres-thick evaporite-dominated successions deposited in iso-
lated sedimentary basins (Figure 2.3). Well-documented examples include: the Jurassic Louann salt
in the Gulf of Mexico, (e.g., Bird et al. 2005); the Messinian salt in the Mediterranean sea, (e.g.,
Cartwright et al. 2012); the Permian Zechstein Supergroup in Europe, (e.g., Hodgson et al. 1992;
Stewart and Clark 1999; Davison et al. 2002; Chatles and Ryzhikov 2015; Grant et al. 2019 a;b;
2020); the Pennsylvanian Paradox Formation (Trudgill 2011) and the circum-South Atlantic salt
basins offshore west Africa and offshore east Brazil (e.g., Jackson et al. 2000; Davison 2007; Olu-
boyo et al. 2014).
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Figure 2.3: Distribution of global salt basins across geological time (Warren 2016) .
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Evaporite deformation by salt tectonics has received significant interest and study over the last 40
years (Talbot 1978; 1995; Davis and Engelder 1987; Vendeville and Jackson 1992 a;b; Jackson and
Talbot 1991; Weijermars et al. 1993; Jackson and Vendeville 1994; Jackson et al. 1994; Jackson
1995; 1997; Coward and Stewart 1995; Peel et al. 1995; 2020; Nilsen et al. 1995; Rowan et al. 1999;
2003; 2004; Giles and Lawton 2002; Hudec and Jackson 2004; 2006; 2007; Gaullier and Vendeville
2005; Sellier and Vendeville 2009; Fuchs et al. 2011; Giles and Rowan 2012; Dooley et al. 2013;
2015; 2020; Rowan 2014; 2020 Rowan et al. 2016; Jackson and Hudec 2017; Dufty et al. 2017;
Ferrer et al. 2017; Pichel et al. 2017; 2018; 2019; 2020; Hamilton-Wright et al. 2019; Peel et al.
2020). This has been driven mainly by advancements in 3-D seismic acquisition and processing,
especially 3-D pre-stack depth migration, and the realisation that salt tectonics is best modelled as
a layer of pressurised fluid overlain by brittle sediment (Hale et al. 1992; Hodgkins and O'Brien
1994; Ratcliff and Weber 1997; Dooley et al. 2013; 2015; 2020; Warren 2016). Understanding salt
tectonics can help in mineral exploration and extraction. Faults can concentrate hot brines which
may transport dissolved metals, thus evaporites can concentrate metal deposits (Hudec and Jack-
son 2007; Jackson and Hudec 2017). Evaporites may also offer trap and seal potential for carbon
storage projects (Maia da Costa et al. 2018; Roelofse et al. 2019: Lloyd et al. 2021), and provide
numerous important economic resources including fertilizers, salts and other minerals (Woods
1979).

Significantly, evaporites affect all aspects of the petroleum system (Figure 2.4). Salt flow works to
create structural traps, influence reservoir facies distribution and seal hydrocarbon traps (Hudec
and Jackson 2007; Jackson and Hudec 2017). Evaporites are powerful heat conductors and large
salt-bodies can alter heat flow patterns, thus maturity above, adjacent to and below salt structures
(Harms 2015; Daniilidis and Herber 2017). Furthermore, salt can cause drilling hazards due to
stress changes (Luo et al. 2012; Nikolinakou et al. 2012; 2014), pore-pressure variations, salt creep,
rubble zones, intercalated strata and bitumen associated with many salt structures (Jackson and
Hudec 2017). Complex evaporite structures are difficult to image in reflection seismic data because
of their generally high rock velocities and the steep dips and over- hangs that can form (Jones and
Davison 2014). In addition, salt structures have a significant effect on stratigraphic thicknesses,
adjacent facies distributions and association with faults in nearby successions (Giles and Rowan
2012; Mannie et al. 2014; Ribes et al. 2015; 2017; Pichel and Jackson 2020). The geometries of salt
structures must be accurately modelled during processing before seismic data can be reliably used
to interpret stratigraphy below (Jones and Davison 2014).
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Figure 2.4: Giant hydrocarbon discoveries between 2000 and 2012 divided by A) dominant reservoir type, note 17.6% deep-
water reservoir (turbidite), having the greatest reserves ont of all siliciclastic settings and B) seal type, note 56.2% salt seals (evaporite).
A giant field is defined as one containing 500 million barrels or more recoverable oil or 3.5 "Lef or more recoverable gas. Numbers

in brackets are number of fields (Warren 2016).

2.2 Deep-water processes and products

Sediment is transported to deep-water (below storm wave-base) by sediment gravity flows (SGFs)
(Figures 2.5 and 2.6; Daly 1936; Kuenen and Migliorini 1950; Middleton and Hampton 1973; Lowe
1982; Mulder and Alexander 2001; Talling et al. 2012). SGFs form due to the action of gravity on
the density contrast between sediment-laden fluid and ambient fluid (seawater or freshwater) (e.g.,
Middleton and Hampton 1973; Lowe 1979). A spectrum of SGF types, in a continuum from
turbulent to laminar, has been identified and differentiated based on their particle support
mechanism (Figures 2.5 and 2.6), which is controlled by: sediment concentration, flow thickness,
slope gradient, matrix strength, grain-size, basin topography buoyancy, pore pressure, grain-to-
grain interaction, turbulence, flow confinement and bed support (Fisher 1971; Hiscott 1994;
Mulder and Alexander 2001; Joseph and Lomas 2004; Straub et al. 2008; Talling et al. 2012).

SGFs can be classified into three main sediment transport mechanisms (Figures 2.5 and 2.6): 1)
Turbulent flows (Figures 2.7, 2.8 and 2.9; Kuenen and Migliorini 1950; Middleton 1967; Lowe
1982; McCaffrey and Kneller 2001; Baas et al. 2009); 2) laminar, or debris flows (Figure 2.10;
Hampton 1972; Nardin et al. 1979; Ilstad et al. 2004; Pickering and Corregidor 2005; Baas et al.
2009), and; 3) hybrid, or transitional flows (Figures 2.11 and 2.12; Haughton et al. 2003; 2009;
Sylvester and Lowe 2004; Talling et al. 2007; Baas et al. 2009; Kane and Pontén 2012; Kane et al.
2017).
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Figure 2.5: The range of different sediment gravity flow types from laminar to turbulent, and their associated deposits and schematic
velocity-depth profiles (modified from Haughton et al. 2009).
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Figure 2.6: Classification of sediment gravity flows based on their rbeological properties illustrating different flow types, deposits,
texctures and implications for subsurface energy reservoir quality. Both porosity and permeability decrease with grain sige reduction
and clay content increase (Haughton et al. 2009; Porten et al. 2016).

Turbidity currents

Turbulence is characteristic of a low-viscosity flow, whereby inertial forces dominate over
viscous forces (Middleton 1967). Turbidity currents are SGFs in which fluid turbulence plays a
major role in sustaining the sediment load (Middleton and Hampton 1973). Turbulence is
generated in these currents by shear stress acting on the boundary between the flow and the
ambient fluid, and the underlying substrate (Buckee et al. 2001).

Turbulent SFGs have a general structure comprising a head, body and tail (Figure 2.7). The mean
velocity and sediment concentration is highest in the body of the flow, because the head of the
flow interacts with and entrains the ambient fluid (e.g., Middleton 1967; Kneller and Buckee 2000;
Azpiroz-Zabala et al. 2017). The mean velocity and sediment concentration then decreases toward
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the tail (Figure 2.7). Turbulent flows can be sub-divided based on their sediment concentration
into low- and high- density flows (Figure 2.8; e.g., Lowe 1982; Kneller and Branney 1995). Low-
density flows have lower sediment concentrations (<10%) and are entirely supported by fluid
turbulence (e.g., Baas et al. 2011). High-density flows have higher sediment concentrations
(>10%), which suppresses turbulence close to the bed (Lowe 1982; Talling et al. 2012). High-
density flows are therefore supported by a combination of fluid turbulence and grain-to-grain
interaction (Mulder and Alexander 2001).

P oscminlab&
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oceanographic
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T >
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Flow duration in minutes (for laboratory experiments) or hours (for previous oceanographic measurements)
Figure 2.7: Cross-section of a turbidity current observed in a laboratory experiment, showing the bead of the flow being fed with
sediment by the body. The velocity profile decreases towards the tail (Azpirozg-Zabala et al. 2017).
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Figure 2.8: Summary of low- and high- density turbidity currents and their associated depositional processes, sedimentary structures
and depositional products (Talling et al. 2012).

Low-density turbidity currents: Low-density turbidity currents (LDTCs) are dilute flows that
have sediment concentrations low enough (<10%) that the flow can be fully turbulent through-
out the entire vertical profile of the turbidity current and sedimentation is not hindered by grain-
to-grain interactions (Figure 2.8; Buckee et al. 2001; Talling et al. 2012). Lowe (1982) defines
LDCTs as turbidity currents which form tractional divisions only (structures such as ripple cross-
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lamination, planar-laminations and flutes), providing evidence for near bed turbulence (Elliot
2000). These sedimentary structures are preserved in deposits known as low-density turbidites
(LDTs; Figure 2.8; Sumner et al. 2008; Baas et al. 2011). The vertical profile of a LDT is com-
monly normally-graded, indicative of a waning flow (Lowe 1982), reflecting preferential settling
of larger grains within the flows due to vertical density stratification (Garcia 1994; Baas et al.
2005; Eggenhuisen et al. 2019). A LDT typically has characteristics of all, or part, of the Th-e di-
visions of the idealised sequence through a turbidite (Figure 2.9; Bouma 1962). As LDTCs wane
only fine particles are transported, resulting in beds being capped by laminated to homogeneous
muds or silts (Te, Figures 2.8 and 2.9; Bouma 1962). The basal part may show planar laminations
which transition up into cross laminations as a result of bed reworking due to near-bed turbu-

lence and concurrent waning flow velocity (Tb-Tc, Figure 2.9; Bouma 1962; Mulder and Alexan-
der 2001).

LDTs are typically thin (<30 cm) (Ricci Lucchi 1967; Talling 2001) and commonly observed in
distal or marginal environments as flows become more dilute because of entrainment of water and
loss of sediment downslope, or away from the flow axis (e.g., Walker 1966; Mutti 1977; Hiscott et
al. 1997; Boulesteix et al. 2019; 2020), or where flows spill over from confining channels (e.g.,
Mutti 1977; Hansen et al. 2015; Jobe et al. 2017; Eggenhisen et al. 2019), forming levees (e.g.,
Normark et al. 1983; Kane et al. 2007; Kane and Hodgson 2011).
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Figure 2.9: Idealised vertical profile (Bouma sequence) through a turbidite, including interpretations from Middleton and Hampton
(1973), and Lowe (1982), (Shanmngam 1997).

High-density turbidity currents: High-density turbidity currents (HDTCs) are turbidity currents
which feature a sediment concentration high enough (>10%) for grain-to-grain interaction to sig-
nificantly dampen turbulence and hinder grain settling (Figure 2.8; Lowe 1982; Talling et al. 2012).
HDTCs differ from LDTCs in that they have been recorded to have a two-layer structure with a
gradual or sharp boundary between the basal high-concentration, non-Newtonian plastic flow
phase, with a constant or weakly decreasing concentration, and the upper, low-concentration New-
tonian turbulent flow phase, with exponentially decreasing concentration (Figure 2.8; Kuenen and
Migliorini 1950; Middleton1967; 1993; Azpiroz-Zabala et al. 2017; Paull et al. 2018; Stevenson et
al. 2018). Processes other than fluid turbulence may act to support particles in the lower boundary
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layer (e.g., grain-grain interactions, excess pore pressure, increased fluid velocity and reduced den-
sity differences between particles and fluid (Kuenen 1951; Lowe 1982; Talling et al. 2012)).

If the turbidity current has capacity to transport its large volume of sediment it will be capable of
bypassing material and potentially eroding the substrate (Kneller and Branney 1995). However, if
sediment volume exceeds the flows’ capacity, the flow will rapidly decelerate and deposition will
occur ‘en masse’ (Hiscott 1994), resulting in a massive, occasionally graded sandstone deposit
known as a high density turbidite (HDT; Figure 2.8; Kuenen 1957; Middleton and Hampton 1973;
Lowe 1982). HDT's may also be deposited in a layer-by-layer fashion rather than en-masse (Kneller
and Branney 1995), but at higher bed aggradation rates compared to LDTCs (Talling et al. 2012).
The high volume of sediment transported by HDTCs can often result in sediment being concen-
trated at the base of the flow in a ‘traction carpet’ (Figures 2.8 and 2.9; Dzulynski and Sanders
1962; Hiscott and Middleton 1980; Lowe 1982; Sohn 1997; Sumner et al. 2008; Talling et al. 2012).

HDTs tend to be relatively thick (50 cm +), pootly-sorted, ungraded and structureless sandstones
(Middleton and Hampton 1973; Talling et al. 2012). Planar laminations, grain-size breaks and in-
ternal erosional surfaces and scour fills are often preserved within HTDs (Lowe 1982; Postma
1986; Talling et al. 2012; Stevenson et al. 2015; 2020). HDT's are typically deposited in proximal
areas where high-energy flows capable of transporting high volumes of sediment are most preva-
lent, or at points of rapid deceleration e.g., due to a reduction in confinement or slope gradient
(Middleton and Hampton 1973). HDTs are therefore characteristic of both channel (Hubbard et
al. 2016; Jobe et al. 2017; Bell et al, 2018) and lobe (Hodgson et al. 2006; Grundvag et al. 2014;
Spychala et al. 2017; Bell et al. 2018 a; b; Hansen et al. 2019) axis deposition.

Planar laminations are observed in both HDTs and LDTs and therefore the transition between
HDTC and LDTC is interpreted to be within the planar laminated division of the Bouma idealised
sedimentary sequence (ITb; Figure 2.9; Bouma 1962; Shanmugam 1997; Talling et al. 2012; Steven-
son et al. 2020).

Debris flows

In contrast to turbulent flows, laminar (or debris) flows are highly viscous and the sediment
within them is supported not by turbulence, but by a matrix of high yield-strength fluid: a
mixture of interstitial fluid and cohesive fine sediment (mud) (e.g., Vanoni 1946; Hampton 1972;
Middleton and Hampton 1973; Nardin et al. 1979; Wang and Plate 1996; Inverson et al. 1997;
2010; Sohn 2000; Ilstad et al. 2004; Baas et al. 2009). Laminar flow conditions typically arise
when electrostatic bonds between clay minerals cause the suppression of turbulence, resulting in
non-Newtonian flow (e.g., Wang and Larsen 1994; Coussot and Meunier 1996). Laminar
conditions may also arise in cohesionless (mud-poor) flows if grain concentrations are high
enough for grains to interlock and give the flow frictional strength (Shanmugam and Moiola
1995; Amy et al. 2005). Rapid ‘en-masse’ deposition of the flow occurs when the shear stress
(Middleton and Hampton 1973) applied to the flow cannot overcome the yield or frictional
strength of the flow (Lowe 1982; Postma 1986; Amy et al. 2005), often due to rapid flow
deceleration (Figures 2.5 and 2.6; Amy et al. 2005).

The behaviour of a debris flow, and thus the characteristics of its deposit, is controlled by the
internal mixture of solids and fluids, and their interaction with each other (Sohn 2000). Therefore,
debris flow processes are dependent on the properties of the grains and clasts (size, density and
volume fraction) and of the interstitial fluids (density, viscosity and volume fraction), all of which
are dependent on the matrix mud-content (Sohn 2000; Iverson et al. 2010). Debris flows are ca-
pable of transporting pootly-sorted material, with a wide grain-size range, including oversized
clasts, for long distances (e.g., Nardin et al. 1979; Hampton et al. 1996; Iverson 1997; Masson et
al., 1997; Sohn 2000; Pickering and Corregidor 2005; Hodgson et al. 2019), and tend to deposit en
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masse abruptly due to ‘freezing’ (Nardin et al. 1979; Talling et al., 2012). These oversized clasts
may accumulate at the base of the flow if mud content is low (Baas and Best 2002).

Debrites are the depositional products of debris flows, and are typically thickly-bedded, matrix-
supported, poorly-sorted and lacking of any internal grading or structuration (Figure 2.10; Middle-
ton and Hampton 1973; Prior et al. 1984). However, they also often feature rafts or blocks of
interbedded sandstone and mudstone and ‘floating’ clasts (Figure 2.10; Talling et al. 2012).
Debrites often have a ‘chaotic’ appearance due to syn-depositional fluid escape and shearing at the
base and margins of the flow (Figure 2.10; Amy et al. 2005) and pinch out abruptly at their edges
(Talling et al. 2012; 2013; 2014). The cohesive nature of debris flows makes them prone to defor-
mation during transport (e.g., Jackson 2011; Soutter et al. 2018). This often results in the preser-
vation of deformational structures, such as folding (e.g., Poprawski et al. 2014; 2016; 2021; So-
besiak et al. 2016) and faulting (e.g., Bull et al. 2009), within debrites. Debrite thickness and clast-
size depends on the yield strength of the parent debris flow. High-strength debrites are character-
ised by thick deposits capable of transporting km-scale clasts (e.g., Soutter et al. 2018; Hodgson et
al. 2019), and low-strength deposits characterised by thinner debrites capable of transporting sand-
grade clasts (Figure 2.10; Talling et al. 2013).

Large-scale slope failure can cause the deposition of large masses of lithified and unlithified sedi-
ment hundreds of kilometres into the basin (Hampton et al. 1996; Locat and Lee 2002; Moscardelli
and Wood 2008; Nwoko et al. 2020 a; b), forming some of the largest depositional events on Farth
(Talling et al. 2007; Georgiopoulou et al. 2010; Calves et al. 2015). The deposits of these failures
are generally referred to as submarine landslides (Hampton et al. 1996; Masson et al. 2006) or
mass-transport deposits (MTDs), and can vary from debrites and slides, to slumps and relatively
dilute flows, depending on source material and the degree of disaggregation (Nardin et al. 1979).
MTDs often transport ‘megaclasts’ into deep-water, and are internally deformed, typically by up-
dip extension (represented by normal faults) and down-dip compression (represented by thrust
faults) and have ‘megascours’ at their base (Moscardelli et al. 2006; Jackson 2011; Soutter et al.
2018; Hodgson et al. 2019; Nwoko et al. 2020 a;b). Therefore, MTDs are associated with widely
varying lithology and depositional relief (Bryn et al. 2005; Kneller et al. 2016; Fallgatter et al. 2017,
Soutter et al. 2018; Cumberpatch et al. 2021a; Nwoko et al. 2020 a;b). Mass transport deposits can
be triggered by volcanic activity (e.g., Chadwick Jr et al. 2012), excess pore pressures (Utlaub et al.
2018), glacial activity (Bryn et al. 2005), and most relevantly to this work, tectonic activity (Ortiz-
Karpf et al. 2015; 2016), specifically salt tectonics (Doughty-Jones et al. 2019; Wu et al. 2020).
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Figure 2.10: Exanmples of debrites and mass transport deposits from outcropping and subsurface stratigraphy. A-C) Photographs
of laminar flow deposits from the Black Flysch Group at Cabo Matxixako, Basque-Cantabrian Basin, Northern Spain. Yellow
arrow indicates way up, peach highlights scale, lens cap is 52mm. A) Poorly-sorted mudstone foundered in to by a thick-bedded
muddy sandstone; B) Poorly-sorted sandy mudstone with stary night (floating clast) texture, containing sporadic granules and rafls
blocks; C) Chaotic clast-rich matrix-supported deposit encased between units of thin-to-medinm-bedded sandstones (Cumberpatch et
al. 2021b). D and E are seismic sections from the northern Gulf of Mexico salt walled minibasins (Wu et al. 2020). D) Seismic
section across mass transport complex (MTC) 2 showing a highly sheared basal surface); E) Seismic section across MTC 6 showing
syn-depositional up-dip extensional fanlting and down-dip compressional fanlting.

Transitional flows

Individual SGFs can transform longitudinally from turbulent to laminar, or vice-versa. Flows
which exhibit characteristics of both flow states are termed transitional flows (Figures 2.11 and
2.12; Baas et al. 2009; 2011; Hodgson, 2009; Kane and Pontén 2012; Kane et al. 2017; Southern
et al. 2017). Transitional flows are those in which sediment is transported through a continuum
of processes between fully turbulent and fully laminar (e.g., Wang and Plate 1996; Baas and Best
2002; Sumner et al. 2009; Baas et al. 2009) and typically arise when fully turbulent flows increase
their relative concentration of mud as they flow down-dip (Figure 2.11), either by deposition of
coarse grains up-dip and/or erosion and entrainment of mud (e.g., Matr et al. 2001; Haughton et
al. 2003; Kane and Pontén 2012).
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Hybrid flows tend to initiate within marginal and distal locations of submarine fans (Haughton et
al. 2003; Barker et al. 2008; Spychala et al. 2017), where they are often initiated by flow
transformation due to extended flow run-out, or by substrate entrainment (Hodgson 2009; Kane
and Pontén 2012; Kane et al. 2017). Therefore, a flow that was initially fully turbulent can become
partially cohesive, resulting in deposits that are vertically segregated, representing the flows down-
slope evolution (Figure 2.11; Lowe and Guy 2000; Kane and Pontén 2012). Transitional flows are
also recorded proximally due to confining topography (Patacci et al. 2014; Soutter et al. 2019).

Turbidity currents can transform into transitional flows by entraining substrate into the flow,
which increases the sediment and clay concentrations of the flow, acting to ‘bulk’ it up, which in
turn dampens turbulence and increases flow cohesion, promoting the development of a laminar
flow (Figures 2.5, 2.6, 2.11 and 2.12; Piper and Aksu 1987; Mulder et al. 1997; Baas and Best 2002;
Sumner et al. 2009; Baas et al. 2009; 2011; Kane et al. 2017). The deposit of such a flow will show
turbidite characteristics proximally, and hybrid bed characteristics distally, a pattern commonly
observed in submarine lobes (Figures 2.11 and 2.12; Talling et al. 2004; Hodgson 2009; Kane and
Pontén, 2012; Grundvag et al. 2014; Kane et al. 2017; Spychala et al. 2017; Fonnesu et al. 2018).
A decelerating turbidity current can also transition into a transitional flow, due to an increase in
clay content (Figure 2.11; Baas and Best 2002; Baas et al. 2009). As turbulence decreases coarser
grains fall from suspension and the flow collapses, effectively increasing clay-concentration in a
positive feedback relationship, promoting transitional flow conditions. Such a relationship is
interpreted to develop in distal parts of systems (Hodgson 2009; Kane and Pontén 2012; Kane et
al. 2017) and adjacent to topography, where flows interact with, and are forced to decelerate against
a counter-slope (Muzzi Magalhaes and Tinterri 2010; Patacci and Haughton 2014; Southern et al.
2015; Tinterri et al. 2016; Soutter et al. 2019).

The generation of a turbidity current from a debris flow (e.g., Hampton 1972) is facilitated by the
entrainment of ambient fluid into the debris flow. This sufficiently dilutes the flow to the point
where fluid turbulence becomes the dominant transport mechanism (Figures 2.5, 2.6, 2.11 and
2.12; Mohrig et al. 1998; Piper et al. 1999; Marr et al. 2001; Baas and Best 2002).

Hybrid beds, one of the deposits of transitional flows, are typically observed as single event beds
comprising a basal sandstone (turbidite) capped by, or associated with, a co-genetic debrite (Wood
and Smith 1958; Talling et al. 2004; Jackson et al. 2009; Haughton et al., 2009; Baas et al. 2011,
Talling et al. 2013; Southern et al. 2017). The upper debrite is sometimes termed a ‘linked-debrite’
(Haughton et al. 2003; Sumner et al. 2009; Jackson et al. 2009). Hybrid beds often show variable
spatial heterogeneity (e.g., Haughton et al. 2003; Talling et al. 2004; Haughton et al. 2009; Hodgson
2009; Fonnesu et al. 2015; 2018; Spychala et al. 2017; Soutter et al. 2019) and typically have a
distinct boundary between the turbulent and laminar flow deposits (e.g., Haughton et al. 2003;
2009; Fonnesu et al. 2015; 2018). If the defined separation is lacking, the deposit is usually referred
to as a transitional flow deposit rather than a hybrid bed (Talling et al. 2012).

Hybrid bed deposition typically requires long run-out distances to allow flow segregation and ele-
vated mud concentrations, therefore hybrid beds are often found in the distal extents of deep-
water systems, supporting the longitudinal flow transformation from turbulent to transitional or
laminar flow conditions (Figure 2.12; Davis et al. 2009; Hodgson 2009; Pyles and Jenette 2009;
Kane and Pontén 2012; Grundvag et al. 2014; Kane et al. 2017; Spychala et al. 2017; Fonnesu et
al. 2018). It has also been observed that flow deceleration due to basinal topography (Tinterri and
Magalhaes 2011; Patacci et al. 2014; Southern et al. 2015; Soutter et al. 2019) and enhanced erosion
at channel-lobe transitions (e.g., Mueller et al. 2017) may cause the deposition of relatively proximal
hybrid beds.
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Figure 2.11: Model for the longitudinal rheological flow evolution of a single event from a fully turbulent flow to a laminar flow
and the resultant deposits (a down-dip transition from clean turbidites, to linked turbidite-debrites, to deformed debritic homogeneous
silty mudstones) (Kane and Pontén 2012).
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2.3 Components of deep-water depositional systems

Modern and ancient deep-water fan systems are linked by common components that evolve in
response to SGF erosion and deposition through time (e.g., Walker 1967; 1978; Normark 1978;
Normark et al. 1979; 1983; Deptuck et al. 2007; Prather et al. 2012). These elements can be broadly
sub-divided into canyons, channels, channel-lobe transition zones and lobes.

Canyons

Canyons are the main conduits for sediment transport from the continental shelf to the deep ocean
basin and represent erosional and predominantly linear features that are incised into the slope or
shelf, providing a long-term point-source for deep-water systems (Figure 2.13; Daly et al. 1930;
Farre et al. 1983; Pratson and Coakley 1996; Talling 1998). They typically occur as long (100s km),
narrow (10s km) and deep (several kms) v-shaped valleys with steep walls that can be connected
to onshore river mouths (Figure 2.13; Harris and Whiteway 2011). Submarine canyons are formed
by a combination of submarine erosion beneath successive SGFs, retrogressive slope failure, and
subaerial erosion during low sea-levels (e.g., Daly et al. 1936; Farre et al. 1983; Pratson and Coakley
1996; Talling 1998; Popescu et al. 2004; Krastel et al 2001; Harris and Whiteway 2011). Flows that
enter submarine canyons are often not of high enough magnitude to flow through the entirety of
the canyon (Howell and Normark 1982), with only rare high-magnitude events passing through
the canyon, eroding the canyon floor and depositing further down-slope (Jobe et al. 2018). When
exhumed, canyon fills are characterised by coarse-grained HDTs in a canyon axis confined by a
slump-dominated inner-canyon margin (Anderson et al. 2000).
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Figure 2.13: Bathymetric map view of part of the Monterey Canyon, offshore central California. Blue-orange represents deep-
shallow, from Monterey Bay Aquarinum Research Institute.

Channels

Submarine channels are long-lived erosional or depositional features on the seafloor that act as
conduits for SGFs carrying vast quantities of sediment down-dip (e.g., Normark et al. 1983; Mutti
and Normark 1987; Clark and Pickering 1996; Peakall et al. 2000; Abreu et al. 2003; Deptuck et al.
2007; Straub et al. 2008; Kane et al. 2010; 2011; Mayall et al. 2010; Hodgson et al. 2011; Sylvester
et al. 2011; Figueiredo et al. 2013; Hubbard et al. 2014; Hansen et al. 2015; Jobe et al. 2017; McAt-
thur et al. 2019; Kneller et al. 2020) and often evolve from canyons up-dip (e.g., Normark 1978;
Covault et al. 2011; 2012). Submarine channels tend to initiate during a period of erosion and
bypass (Elliott 2000; Fildani et al. 2013; Stevenson et al. 2015) and multiple phases of incision
often mean they become embedded on the slope (Sylvester et al. 2011; Hodgson et al. 2016). They
often decrease in size basinwards, and commonly develop branching networks of distributary
channels. Channels are composed of an axis and margin (Figure 2.14; Kneller et al. 2020). Channel
belts are highly confined features and can be erosionally confined within a canyon or by external
levees (Winn and Dott 1979; Millington and Clark 1995; Beaubouef 2004; Kane et al. 2009; 2012;
Kane and Hodgson 2011; McHargue et al. 2011; Sylvester et al. 2011; Janocko et al. 2013; Mortris
et al. 2014; Hansen et al.,, 2017; Kneller et al. 2020). Channels are often also confined internally,
within their bounding erosional surfaces, by internal levees, terraces or debrites (Figure 2.14; Kane
and Hodgson 2011; Ortiz-Karpf et al. 2015; Morris et al. 2016; Hansen et al. 2017).

As aggradation rates increase, driven by sediment supply or sea-level changes (e.g., Kneller 2003;
Syvlester et al. 2011), or a decreased slope angle (Kneller 2003; Sylvester et al. 2011; McHargue et
al. 2011) channel-fills migrate vertically (McHargue et al. 2011; Covault et al. 2016). Aggradation
will continue until the accommodation space within the channel is filled and avulsion occurs (e.g.,
Clark and Pickering 1996; Maier et al. 2013; 2018), or deformation re-routes flows (e.g., Sylvester
et al. 2011), resulting in channel abandonment (e.g., Figueiredo et al. 2013). Through time, channel
sinuosity is also shown to increase (Peakall et al. 2000; Kane et al. 2008; Sylvester et al. 2011, Maier
et al. 2013). This inherent complexity in parameters controlling submarine channel-fills makes
subsurface prediction of their architecture and reservoir quality challenging (Figure 12.14; Kolla et
al. 2001; Falivene et al. 2006; Mayall et al. 2006; Bakke et al. 2008; Barton et al. 2010; McHargue et
al. 2011; Zhang et al. 2015).
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The large variation in channels identified in the subsurface and at outcrop has led to the develop-
ment of hierarchical models that attempt to normalise descriptions across different deep-water
systems (e.g., Sprague et al. 2002; 2005; Campion et al. 2003; McHargue et al. 2011; Maier et al.
2013). The primary architectural component is the channel element (Sprague et al. 2002; McHargue
et al. 2011; Macauley and Hubbard 2013). Genetically related channel elements stack together to
form an individual channel complex (McHargue et al. 2011), which in turn stack to form a channel
complex set (Campion et al. 2003; McHargue et al. 2011). In general, a submarine channel system
is composed of one or more complex sets that can be tied to a sequence stratigraphic framework,
with multiple complex sets typically representing a 3* order sea-level cycle (1 — 10 My) and a single
complex set representing higher-order cycles (< 1 My) (McHargue et al. 2011).
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Figure 2.14: Schematic depiction of facies heterogeneities within different hierarchical scales of channel complex systems. Highlight-
ing the variation in facies and architectures observed within channel elements (Sullivan et al. 2000; Sprague et al. 2002; Abreau et
al. 2003; Mayall et al. 2006; McHargue et al. 2011; Romans et al. 2013).

Channel-lobe transition zone

The channel-lobe transition zone (CLTZ) of a deep-water system is the geographical area be-
tween well-defined channels and levees up-dip, and lobes down-dip (Figure 2.15; Mutti and Nor-
mark 1987; Palanques et al. 1995; Wynn et al. 2002; Hofstra et al. 2015; Stevenson et al. 2015;
Carvajal et al. 2017; Brooks et al. 2018; Maier et al. 2018; Pohl et al. 2019; 2020). CLTZs are typi-
cally located both where flows become relatively unconfined, and at the base-of-slope (Mutti and
Normark 1987; Wynn et al. 2002; Brooks et al. 2018), and as such are dominated by erosion and
bypass (Garcia and Parker 1989; Wynn et al. 2002; Brooks et al. 2018). Such conditions have
been attributed to enhanced turbulence as rapidly decelerating flows undergo a hydraulic jump
(Garcia and Parker 1989; Kenyon et al. 1995; Dotrel et al. 2016) or flow ‘relaxation’ as flows thin
upon loss of channel confinement, resulting in a lowering of the maximum velocity (Pohl et al.
2019).

CLTZs are characterised by an array of erosional and depositional features, including: isolated and
amalgamated scours (Figure 2.15; Wynn et al. 2002; Hofstra et al. 2015; Brooks et al. 2018; Maier
et al. 2018); headless channels (Maier et al. 2018); upstream migrating bedforms (Postma et al.
2016); banded sandstones (Hofstra et al. 2018); coarse-grained lag deposits (Brooks et al. 2018);
mounds down-dip of scours (Wynn et al. 2002); sediment waves (Wynn et al. 2002; Brooks et al.
2018; Hofstra et al. 2018; Maier et al. 2018) and hybrid beds developed downstream of erosion
(Brooks et al. 2018). CLTZs are typically pootly-preserved (or recognised) in the rock record be-
cause they are subject to repeated periods of erosion and aggradation as flow axes migrate laterally
and longitudinally at the mouth of feeder channels (e.g., Hofstra et al. 2018), thus CL'TZs tend to
require channel avulsion or enhanced aggradation to be preserved (Figure 2.15; Pemberton et al.
2016; Brooks et al. 2018).
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Lobes

Submarine lobes are convex-up, lobate deposits of gravity flows typically deposited down-dip of
where flows exit confinement on the basin-floor; or within intraslope basins created by salt dia-
pirism, faulting, or mass-transport deposits (Figures 2.12 and 2.16; Ricci-Lucchi 1975; Mutti 1977;
Normark 1978; Normark et al. 1979; 1983; Shanmugam and Moiola 1988; Mutti 1992; Postma et
al. 1993; Bouma and Wickens 1994; Booth et al. 2003; Deptuck et al. 2008; Jegou et al. 2008; Prélat
et al. 2009; 2010; Grundvag et al. 2014; Marini et al. 2015; Oluboyo et al. 2014; Spychala et al. 2015;
2017a;bsc; Picot et al. 2016; Kane et al. 2017; Doughty-Jones et al. 2017; 2019; Dodd et al. 2019;
Rabouille et al. 2019; Cumberpatch et al. 2021a). Lobe deposition occurs in response to flows
spreading radially and decelerating as they exit the confines of a channel (e.g., Normark 1978; Mutti
1992; Kneller and Branney 1995; Kane et al. 2017). As flows spread, they progressively loose en-
ergy, depositing sand-rich HTDs in proximal locations, and mud-dominated LDTs and hybrid
beds in distal lobe environment (Figure 2.16; Kane et al. 2017; Spychala et al. 2017b; Fonnesu et
al. 2018). Lobes often thicken from the channel and through the CLTZ to an apex (e.g., Brooks
et al. 2018; Pohl et al. 2019; 2020), and thin distally and laterally (Figures 2.12 and 2.16; Deptuck
et al. 2008; Spychala et al. 2017; Hansen et al. 2018). This depositional thickness variation generates
positive seafloor topography resulting in compensational stacking of successive lobes (Figure 2.17;
e.g., Groenenburg et al. 2010; Straub and Pyles 2012; Jobe et al. 2017).
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environment, reflecting the longitudinal evolution of flows across a lobe. B, C) Flow process changes in the frontal fringe and the distal
Jringe (Spychala et al. 2017bh).

Traditionally, lobes were thought to be relatively simple, lobate features with ‘halo like’ facies as-
sociations, distributed in sheet-like architectures (Hesse 1964; Ricci-Lucchi and Valmori 1980;
Tinterri et al. 2003; Remacha et al. 2005; Amy et al. 2007; Marini et al. 2015). The advent of high-
resolution seismic imaging, and detailed field studies has demonstrated that in fact lobes can ex-
hibit complex geometries and facies distributions (Figure 2.106).

Lobes can be divided into sub-environments (axis, off-axis, fringe) based on the proximal-distal
and proximal-lateral evolution of the flows that build them (e.g., Walker 1966; Mutti 1977; 1992;
Chen and Hiscott 1999; Grundvag et al. 2014; Spychala et al. 2015; 2017b; Kane et al. 2017; Bell
et al. 2018a; Fonnesu et al. 2018; Hansen et al. 2019). High- and medium- density turbidites of the
lobe axis and off-axis, transition down-dip to transitional flow deposits, hybrid beds and LDT's of
the lobe fringe (Figure 2.16; e.g., Walker 1966; Haughton 2003; Kane and Pontén 2012; Spychala
et al. 2017; 2019; Boulesteix et al. 2019; 2020).

Lobe axis deposits, which are found towards the centre of the lobe, are characterised by relatively
thick, often structureless and amalgamated packages of high net-to-gross HDTs (Figure 2.16;
Prélat et al. 2009; Grundvag et al. 2014; Terlaky et al. 2016; Spychala et al. 2017; Kuswandaru et
al. 2018; Dodd et al. 2019). Scouring and localised channelisation (small feeder channels) are com-
mon in the proximal part of a lobe axis (Bouma 2000; Hodgson et al. 2006; Burgreen and Graham
2014; Grundvag et al. 2014; Stevenson et al. 2015; Terlaky et al. 2016). High-levels of erosion and
entrainment of substrate result in large numbers of mudstone clasts, which may be aligned along
‘mudstone amalgamation surfaces’ or distributed throughout beds (Prélat et al. 2009; Burgreen and
Graham 2014; Grundvag et al. 2014; Tetlaky et al. 2016).
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Lobe off-axis positions are typically characterised by packages of structured sandstones, with lo-
calised structureless sandstones, and lower net-to-gross compared to the lobe axis (Figure 2.16;
Prélat et al. 2009; Grundvag et al. 2014; Spychala et al. 2017b; Dodd et al. 2019).

Lobe fringe deposits are the outer-most deposits of a lobe and contain the highest proportion of
thin-bedded mud-rich LDTs and hybrid beds (Figure 2.16; Marini et al. 2015; Nagatomo and
Archer 2015; Spychala et al. 2017 a; b; Hansen et al. 2019). The lobe fringe can be further sub-
divided into lateral, frontal and distal fringe (Figure 2.16; Spychala et al. 2017). Lateral fringes are
characterised by thin-bedded, rippled LDTs (Figure 2.16; Prélat et al. 2009; Marini et al. 2015;
Spychala et al. 2017b). Frontal fringes are hybrid bed prone (Figure 2.16; Hodgson 2009; Kane
and Pontén 2012; Kane et al. 2017; Spychala et al. 2017 a; b; Fonnesu et al. 2018); because flows
within the axis of lobes are more erosive, and therefore more capable of incorporating mud and
rheologically transforming (Spychala et al. 2017a;b). The distal fringe is typically dominated by
mud-rich deposits, with very minor thin-beds of siltstone and sandstone. These mudstones have
previously been thought to represent ‘background’ deposition but have recently been shown to be

heterogeneous and represent mud-rich LTDs which may extend for 10’s-100’s of kilometres into
basins (Boulesteix et al. 2019; 2020).
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Figure 2.17: Hierarchy of compensational stacking of submarine lobes. Note: duration of each bierarchy from hours (bed) to
100,000s years (lobe complex), from Deptuck et al. (2008).

As with all components of deep-water systems, lobe development is system specific and controlled
by: sediment supply rates (Jervey 1988; Kneller et al. 2016), sea-level, accommodation and under-
lying seafloor topography (Amy et al. 2004; Smith and Joseph 2004). In unconfined basins, lobes
spread laterally, preferentially depositing in topographic lows adjacent to earlier lobe deposits;
stacking compensationally (Figure 2.17; Deptuck et al. 2008; Prélat et al. 2009; 2010; Marini et al.
2015). If sedimentation rates are high, and maintained, lobes will grow and prograde basinward
(Mottis et al. 2014). If sediment supply begins to reduce, the system will retreat and back-step
antecedent lobe deposits (Prélat and Hodgson 2013; Ferguson et al. 2020). Once sediment supply
has been cut-off, lobe development will cease and lobe deposits will be subsequently overlain by
hemipelagic deposits (Prélat et al. 2010). This could be either due to an internal (autogenic) event

such as an up-dip avulsion, or an external (allogenic) event such as reduced hinterland erosion
(Ferguson et al. 2020).
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Multiple different hierarchical frameworks can be applied to lobes (Figures 2.17 and 2.18; Gervais
et al. 20006; Pyles et al. 2007; Prélat et al. 2009; Deptuck et al. 2008; MacDonald et al. 2011; Flint
et al. 2011; Straub and Pyles 2012; Cullis et al. 2018; 2019; Sweet et al. 2020). This thesis uses the
outcrop-based lobe-stacking hierarchy of Prélat et al. (2009) from the Skoorsteenberg Formation
of the Tanqua depocenter, Karoo Basin, South Africa (Figure 2.18). This work defined the hierar-
chy of architectural elements by characterising both sandstone-prone successions and their bound-
ing silt- and mudstone- rich intervals, and seems to be the most widely adopted hierarchal scheme
(e.g., Macdonald et al. 2011; Burgreen and Graham 2014; Grundvag et al. 2014; Rotzien and Lowe
2014; Collins et al. 2015; Eldrett et al. 2015; Le Heron et al. 2016). Prélat et al. (2009) describe the
most fundamental building block of this scheme as the ‘bed’ which represents a single flow event.
Stacks of individual event-beds are interpreted to form a lobe element (Figure 2.18). LLobe elements

in turn stack to form lobes, with a sequence of genetically related lobes making up a lobe complex
(Prélat et al. 2009).

Using interlobe (mudstone rich intervals) observations Prélat et al. (2009) suggested lobe elements
were controlled by autogenic compensation and lobe complexes controlled by allogenic sediment
supply shut-off. However, Boulesteix et al. (2019; 2020) shows that intetlobes are composed of
mm-scale event beds, and are in fact the distal or lateral extents of lobes, rather than reflecting
‘background’ conditions.
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Figure 2.18: Hierarchical scheme for the Fan 3 lobe complex: of the Tangua depocenter, Karoo Basin, South Africa (Prélat et al.
2009). Four main elements are presented: beds which stack into lobe elements, which make up lobes, which in turm are the building
blocks of lobe complexes. The sand-rich lobe components are separated by mud-rich ‘interlobe’ components.
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2.4  Salt properties and tectonics

Rock salt is a crystalline aggregate of the mineral halite (sodium chloride, NaCl) (Jackson 1997a;b).
Given the rareness of ‘pure’ halite sequences in nature, most salt-tectonic literature uses “salt” for
all rocks composed mostly of halite, with varying amounts of other evaporitic minerals (especially
anhydrite or its hydrated form, gypsum, and K-Mg-rich salts), as well as non-evaporite rocks (e.g.,
carbonates or igneous clasts; Hudec and Jackson 2007).

Evaporitic sequences

Evaporitic sequences are precipitated from saturated surface brines due to evaporation (Warren
1999) and are deposited in restricted basins, where outflow of water due to evaporation exceeds
inflow, due to lack of sea level connection (Usiglio 1849; Clarke 1924; Warren 2006; Hudec and
Jackon 2007). As such, these deposits are common in arid — semi-arid environments, at roughly
30° latitude, where cold, dry, high-pressure air descends in Hadley circulation cells (Clarke 1924;
Warren 1999; Hudec and Jackson 2007).
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Evaporitic facies vary laterally and are controlled by the solubility and crystallisation sequence from
increasingly concentrated hypersaline waters (Table 2.1; Figure 2.19; Usiglio 1849; Clarke 1924;
Valyashko 1956; Richter-Bernburg 1973; Warren 2006; 2010; Mohriak and Szatmari 2008; Babel
and Schreiber 2014; Warren 2016). This typically produces a rim of evaporitic carbonates (meso-
haline) which becomes increasingly magnesium-rich with increasing salinity and surrounds a rim
of gypsum (penesaline), which in turn, encases a rim of halite (supersaline), which surrounds a
central zone of potassium or magnesium sulphates and chlorides (Bittern salts, e.g., sylvite, car-
nallite, polyhalite, and tachyhydrite; Table 2.1; Figure 2.19). Halite begins to precipitate at seawater
concentrations of 340-360% and bittern salts finally precipitate from brines concentrated to 70-90
times the original saltwater (Table 2.1; Warren 1999; 2016; Hudec and Jackson 2007).

aic

Figure 2.19: Idealised evaporitic basin in cross-section and plan view showing the order and different types of salt precipitated in a
radial nature from brines (Warren 2006).

Table 2.1: Expected evaporite mineral crystallisation sequence in increasingly concentrated hypersaline solutions, responsible for the
radial nature of evaporitic mineral precipitation from what was originally seawater (Warren 2006; 2010).

. . A Salinity (% |
Brine stage Mineral precipitate (Gisik of prt::i[;miri on) Degree of Evaporation
Mesohaline Alkaline earth carbanates > 60% 1.5-3x
o=
££ _ Gypsum/AnhydriteCas04)
= 4 FPenesaline
e - CaS04 (+- Halite) >150% 5-Bx
j =N
Za Halite (NaCl) >350% 10-11x
- Supersaline
Bittern Salts (K-Mg salts) Extreme and variable > 60-70%

There are three end-member models (Figure 2.20) for the deposition of ancient salt sequences,
which now form global salt basins (Figure 2.3). These models (Figure 2.20) highlight the role of
basin configuration and depth, and require specific conditions over geological time scales (i.e.,
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long-lived periods with an arid climate and isolation from the open ocean, where outflow exceeds
inflow (Schmalz 1969; Hst 1972; Taylor 1990; Warren 20006; Jackson and Hudec 2017).

The deep-basin deep-water model (Figure 2.20A) assumes an isolated deep basin largely filled with
brine, which is separated from the ocean by a substantial topographic barrier (10s-100s m tall),
preventing free flow of sea water between the open ocean and the basin (Warren 2006). The brine
level is above the topography (sill) and thick deposits of certain minerals (e.g., gypsum) occur due
to seaward escape of some of the brine, allowing the specific concentration of brine to be main-
tained for evaporite precipitation.

The deep-basin shallow-water model (Figure 2.20B) assumes that evaporative drawdown occurs
when brine level is reduced below the level of the topographic barrier (sill), 100s—1000s m below
sea level (Warren 2006). Water interchange with the open ocean occurs by seepage through the
barrier or by periodic flow over it. Thick evaporite basins can accumulate is these settings due to
continued subsidence (Jackson and Hudec 2017).

The shallow-basin shallow-water model (Figure 2.20C) assumes that the thick accumulations of
evaporites occur in a shallow, restricted basin with little topographic relief due to continued sub-
sidence on the basin floor (Warren 20006; Jackson and Hudec 2017). This can occur within shallow
bodies of brine or within saline mudflats (Warren 20006).
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Figure 2.20: End-member models for the deposition of ancient salt sequences, such as the Lonann (Gulf of Mexico) and the
Zechstein INW Europe). From Warren (20006).

Properties of salt

The physical properties of evaporites make them fundamentally different from other sedimen-
tary rocks, and give rise to their growth and evolution via ‘salt tectonics’ (Table 2.2; Figures 2.21
— 2.24; Jackson and Hudec 2017). Salt is mechanically weak and unstable and tends to flow like a
viscous fluid (at geologically rapid strain rates) under gravitational forces when it experiences
slopes with <0.5° dip, due to its low density (2.16 g/cm’; halite) and negligible yield strength
(Warren 2006; Hudec and Jackson 2007; Archer et al. 2012; Jackson and Hudec 2017). Salt be-
haves as a non-Newtonian fluid (viscosity varies with stress; Figure 2.24), such that there is no
minimum stress below which it will not flow (Jackson and Talbot 1986). Therefore, there is no
critical minimum overburden or minimum salt thickness necessary for salt to move, although
these factors will impact the rate at which salt will move.
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Being crystalline, salt is virtually incompressible, meaning that it does not change density with
depth when it is compressed by the overburden, and that the shear strength of salt remains con-
stant with depth (Figure 2.21; Vendeville and Jackson 1992 a; b). Therefore, it is less dense than
most carbonates and all moderately to fully compacted siliciclastic rocks once buried beneath an
overburden of at least 1000 m (Figures 2.22 and 2.24A). This buoyancy contrast, driven by the
density inversion between the salt and overburden, can trigger upwards movement of salt into
structures (Remmelts 1995; 1996; Taylor 1990; 1998; Hudec and Jackson 2007; Jackson and Hudec
2017). Due to its rheology and incompressibility salt is much weaker than other lithologies under
both tension and compression (Figure 2.23; Jackson and Vendeville 1994), it can flow at low tem-
peratures, for long periods and it is thermally conductive (Figure 2.24; Jackson and Hudec 2017).

a

Table 2.2: V arious physical properties of halite (rock salt) compared to quartz and ice (Hudec and Jackson 2017).

Property

Density

Bulk modulus

Young's modulus
Rigidity (shear) miodulus
Poisson's ratio
Compressive strength
Tensile strength

P-wave acoustic velodity
S-wave acoustic velocity
Thermal conductivity
Thermal diffusivity
Thermmal expansivity (linear)
Melting point

Boiling point

. Brittle -

................

Basement

I — Racihndaad A

Halite
2,160 kg/m®
22 GPa

29 GPa

11 GPa
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Figure 2.21: Depth versus strength plot for overburden, salt and basement. Note: in the overburden and basement strength increases
with depth due to compression and reduction of porosity. Due to salt’s crystalline nature it remains at a constant strength (very weak)
with increased depth (Vendeville and Jackson 1992a;b; Hudec and Jackson 2007).
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Figure 2.22: Depth versus density plot for salt and siliciclastic rocks (sandstone and mudstone). Due 1o its relative incompressi-
bility, salt is higher density than uncompacted siliciclastic units (sand and mnd) until it is buried beneath ~1000 m overburden,
when the siliciclastic rocks become denser due to compaction with depth and salt remains a consistent density due to its incompressibility

(Jackson and Hudec 2017).
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Figure 2.23: Comparison of tensional and compressional strengths of dry and wet salt with equivalent dry and wet sedimentary
rocks and sediments. Note dry salt is slightly stronger than wet salt, which bas a negligible strength of ~0.01 MPa (Jackson and
Vendeville 1994).
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Figure 2.24: Physical properties of rock salt (halite) compared to other lithologies. A) Density changes with burial, note the density
inversion between shale and rock salt at 1200-1300 m. B) Thermal conductivity, note the broad range dependent on minerology but
overall high conductivity compared to other sedimentary rocks. C) Viscosity (Warren (2016)).

Salt tectonics

“Salt tectonics” is the term used to describe tectonic deformation involving bodies of halite or
other evaporites (Hudec and Jackson 2007; Warren 2016). Deformation in salt tectonics includes
lateral and vertical flow, trans-stratal movement, pillowing and diapirism of evaporites, which
create complex and variable structures (Mrazec 1907; 1910; Talbot 1978; 1995; Davis and
Engelder 1987; Vendeville and Jackson 1992a;b; Jackson and Talbot 1991; Weijermars et al.
1993; Jackson and Vendeville 1994; Jackson et al. 1994; Jackson 1995; 1997; Coward and Stew-
art 1995; Peel et al. 1995; 2020 Nilsen et al. 1995; Rowan et al. 1999; 2003; 2004; Giles and Law-
ton 2002; Hudec and Jackson 2004; 2006; 2007; Gaullier and Vendeville, 2005; Sellier and
Vendeville, 2009; Fuchs et al. 2011; Giles and Rowan 2012; Dooley et al. 2013; 2015; 2020; Ro-
wan 2014; 2020 Rowan et al. 2016; Jackson and Hudec 2017; Duffy et al. 2017; Ferrer et al. 2017,
Pichel et al. 2017; 2018; 2019; 2020; Hamilton-Wright et al. 2019). Two principles summarise salt
tectonics: 1) salt is very weak and incompetent in the subsurface and; 2) it is driven by differen-
tial loading (Figure 2.25), making it a relatively passive process (Jackson and Vendeville 1994;
Rowan et al. 1999; Hudec and Jackson 2007). Differential loading (Figure 2.25) drives salt flow,
whilst the overburden strength and boundary friction within the salt layer resist salt flow (Hudec
and Jackson 2007). Generally, it does not matter whether the overburden is of lesser, equal or
greater density than the salt; if driving forces are sufficient to overcome resisting forces, then salt

will flow. The flow of salt from areas of high load is termed “salt expulsion” (Hudec and Jackson
2007).
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Three types of loading can drive salt flow: gravitational loading, displacement loading and thermal
loading (Figure 2.25). These are driven by differences in pressure head and/or elevation head (Fig-
ure 2.25). Depth of salt burial, geometry of the salt body, geologic setting and thermal conditions
of the salt determine which of the three types of loading is most likely to occur (Hudec and
Jackson 2007). Gravitational loading is produced by a combination of the weight of rocks overlying
the salt and the gravitational body forces within the salt. Salt flows in response to hydraulic head
gradients, from areas of high head to low head (Kehle 1970; 1988). Conversely, if the hydraulic
head is constant everywhere the salt remains at rest. Displacement loading results from the forced
displacement of one boundary of a rock body relative to another (e.g., Suppe 1985). In salt tecton-
ics, this type of loading occurs when the flanks of a salt body move toward or away from one
another during regional shortening or extension. This type of displacement is common where ba-
sins with pre-existing salt structures are deformed because the weak salt structures typically focus
regional strain (Hudec and Jackson 2007). Thermal loading results from volume changes caused
by changes in temperature. Hot salt expands and becomes buoyant, producing intra-salt convec-
tion (Talbot 1978; Talbot et al. 1982; Jackson et al. 1990).
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Figure 2.25: Processes driving salt flow inferred from hydranlic heads. A) A laterally varying overburden thickness above a

horizontal, tabular salt layer produces a pressure head gradient from Point 1 to Point 2 but no elevation head gradient. Salt will
Slow from left to right along the pressure head gradient. The load variation may be produced by sedimentation (e.g., a river delta) or
deformation (a stack of thrust slices at the left end of the section) or by erosion. B) A uniform overburden thickness above an inclined,
tabular salt layer produces an elevation head gradient from Point 1 to Point 2 but no pressure head gradient. Salt will flow from left
to right down the elevation head gradient. C) Salt that conld be driven either way, depending on whether the elevation head gradient
is more or less than (denoted by “<>7) the pressure head gradient. D) A uniforn overburden thickness above a flat-lying salt layer
produces neither elevation nor bead gradients, even though the salt thickness varies. Salt remains at rest becanse there is no hydranlic
bead gradient (Hudec and Jackson 2007, Jackson and Hudec 2017).
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Salt tectonic deformation is fundamentally governed by regional (plate) tectonics (Vendeville and
Jackson 1992a; 1992b; Davison et al. 2000; Fossen 2010). During extension, salt’s lateral flow and
sliding carries along its overburden, whereas in compression, salt acts as a décollement (detach-
ment) (Figure 2.26; Vendeville and Jackson 1992a; 1992b; Davison et al. 2000). The dynamic nature
of salt tectonic systems (salt presence, salt thickness, basement involvement, overburden thick-
ness) and the rock properties inherent to evaporites result in a complex suite of controls on struc-
tural styles of deformation which operate locally to basin-wide (Jackson and Talbot 1991; Weijer-
mars et al. 1993; Jackson and Vendeville 1994; Jackson et al. 1994; Jackson 1995; 1997; Coward
and Stewart 1995; Peel et al. 1995; Hudec and Jackson 2004; 2006; 2007; Pichel et al. 2017; 2018;
2019; 2020; Grant et al. 2019 a;b; 2020). Hence, deformation and structural styles that characterise
one domain (i.e., up-dip margin) may differ to those elsewhere (i.e., down-dip basin) or even more
locally within the domain itself (i.e., along the same margin; Figure 2.26; Rowan et al. 2004; Hudec
and Jackson 2007; Fossen 2010; Jackson and Hudec 2017).

Salt movement driven by gravity is referred to halokinesis (Trusheim 1957; 1960). Sedimentary
loading (rates and sediment type), tectonic strain and salt flow rate form some of the important
controls on halokinesis. Halokinesis requires initiation, typically a disturbance (differential loading
or localised faulting) above or at the base of salt (Geluk et al. 2007; Fossen 2010). Movement can
also be retarded or accelerated by regional tangential forces (Jackson and Talbot 1986). In a typical
gravity-driven, salt tectonic passive margin, within the updip “extensional domain” thin-skinned
extension occurs, with salt rollers forming in the footwalls of listric normal growth faults, and rafts,
turtleback anticlines and triangular-shaped salt walls also being common (Figure 2.26; Mrazec
1907; Demercian et al. 1993; Fort et al. 2004; Rowan et al. 2004; Hudec and Jackson 2007; Fossen
2010; Mohriak et al. 2009; 2012; Oluboyo et al. 2014; Jackson and Hudec 2017). Salt welds form
where salt is thin or absent (Jackson et al. 2019). In the central, or “translational domain™ salt
pillows, salt diapirs, salt welds and salt withdrawal minibasins occur (Figure 2.26; Jackson 2012;
Mohriak et al. 2012; Jackson et al. 2014). In the downdip “compressional domain” thin-skinned
shortening occurs, the salt is relatively thick and characterised by salt-cored folds and anticlines,
asymmetric salt walls, intra-salt thrusts, salt nappes and allochthonous salt tongues and canopys
(Figure 2.26; Cobbold and Szatmari 1991; Demercian et al. 1993; Brun and Fort 2004; 2011; Fort
et al. 2004; Mohriak et al. 2009; Fiduck and Rowan 2012; Adam et al. 2012; Jackson et al. 2014,
2015). This thesis focusses on how deep water SGFs and their deposits interact with salt diapirs,
salt walls and salt stocks. Such structures have discordant interactive contacts with their encasing
sedimentary strata, often displaying geometries that are a response to salts’ inherent mechanical
weakness (Jackson and Hudec 2007).
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Figure 2.26: Salt structures, after Fossen (2010). A) Morphological classification of the different structures, derived from cross-
sectional shape and map view geometry, and deformation styles that define salt distribution in salt basins (Jackson and Talbot
(1986)). Structural maturity of features increases left and right from the central part of the diagram. Linear structures on the left
commonly form by regional extension or shortening. Equant or vertical (plug) structures tend to form by halokinesis (driven by
gravity). B) Salt morphologies placed in the typical evolutionary framework of salt structures in a halokinetically deforming passive-
margin setting, typified by updsp extension and downdip compression, and a central translational domain characterised by diapirism
(Jackson and Hudec 2017).

2.5  Salt diapirs

Salt stocks and salt walls are the most classic of salt structures. They rise as subterranean mountains
from the basin floor and are remarkable for their size: some stocks are more than 10 km tall, and
some walls are more than 100 km long (Jackson and Hudec 2017). In the Precaspian basin alone
there are 1,800 named stocks and walls (Pichel and Jackson 2020). These structures are all “dia-
pirs”, which are often vertical, geological structures that consists of mobile, ductile material that
was forced into brittle surrounding rocks (piercing or appearing to pierce their overburden) usually
by the upward flow of salt from a source layer (Jackson and Hudec 2017). The term “salt diapit”,
first proposed in the Romanian Carpathians by Mrazec (1907) is widely used to describe all salt
structures with discordant contacts with their overburden, regardless of processes of initiation and
growth (Harris and Veatch 1899). Salt diapirs can be subdivided into salt domes, salt stocks and
salt walls (Harris and Veatch 1899). Salt domes have rounded planforms and can be cored by either
a diapir or a salt pillow (Figure 2.26; Harris and Veatch 1899; Stewart 2006; Yin and Groshong
2007). Salt stocks are plug-like bodies with equant planforms, whilst salt walls are more elongate;
the usage of stocks and wall is somewhat gradational (Hudec and Jackson 2011; Jackson and Hudec
2017). In order for buried salt to be emplaced into its overburden as a diapir, the rock previously
occupying that space must be removed or displaced (Vendeville and Jackson 1992 a; b; Hudec and
Jackson 2007); this typically occurs via a combination of reactive, active and passive diapirism
(Figure 2.27; Vendeville and Jackson 1992 a; b; Jackson and Hudec 2017). Viscous evaporites can-
not pierce through thick overburden and therefore diapiric growth can initiate in two ways: either
shortly after deposition when the overburden is thin and unconsolidated or later in evolution due
to tectonics triggering diapir growth through thinning of the overburden (Jackson and Vendeville
1994; Jackson et al. 1994). Many diapirs initiated first by regional compression or extension (reac-
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tive diapirism), subsequently experienced a rapid stage of active diapirism which permitted pierce-
ment of the roof, allowing the diapir to evolve passively (Nettleton 1934; Jackson et al. 1990;
Talbot et al. 1992; Jackson and Vendeville 1994; Jackson et al. 1994; Hudec and Jackson 2007,
Rowan and Giles 2021). If salt reaches the surface, it can continue to rise by passive diapirism, in
which the diapir grows as sediments accumulate around it by ‘downbuilding’, whereby the diapir
top remains at a fixed level with respect to flanking strata, which sink as more sediment is added
(Barton 1933; Jackson and Talbot 1986; 1991; Jackson et al. 1988; Rowan and Giles 2021). A
rapidly rising passive diapir may spread over the sediment surface to form an allochthonous salt
sheet (Figure 2.27; Jackson and Talbot 1989 a; b; Hudec and Jackson 2007; 2011; Dooley et al.
2013; Jackson and Hudec 2017; Rowan 2020).

REACTIVE DIAPIR GROWTH
Regional extension creates room
for rise between separate fault blocks.

ACTIVE DIAPIR GROWTH
Overburden lifted, rotated and shouldered
aside as diapir forces through overburden.

PASSIVE DIAPIR GROWTH
Diapir rises continually with respect to
surrounding strata remaining exposed at the
‘ surface - no permanent roof is deposited.

where aggradation rate is much lower
than the salt rise rate.
After Vendeville and Jackson (1992) and Hudec and Jackson (2007)

' | ALLOCHTHONOUS SHEET ADVANCE
‘ An extreme case of passive diapirsm
}\7 @

Figure 2.27: Classical evolutionary stages of diapirs. Diapirs do not necessarily progress through all of these stages. Structural
maturity depends on salt availability, total amount of extension and relative ratio of extension and sedimentation (V endeville and
Jackson 1992a; Hudec and Jackson 2007).

Reactive diapirism

Regardless of overburden density, diapirs commonly initially pierce their overburden “reactively”
in response to regional extension (Vendeville and Jackson 1992a). During regional extension, the
overburden is thinned and fractured, creating grabens and half-grabens above salt layers. Ana-
logue modelling has shown that the locations of salt diapirs in extensional settings are governed
by the location of cover fault systems (Vendeville and Jackson 1992b), demonstrating that an ex-
tension of at least 20% of the cover (8 = 1.2) via normal faulting is needed for diapirs to be initi-
ated. This, often heterogeneous, thinning creates a differential load and weakens the overburden
by fracturing and faulting (Vendeville and Jackson 1992a). Salt walls pressurised by overburden
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load on adjoining areas begin to rise below the thinned overburden and salt fills the space cre-
ated by extensional thinning and separation of overlying fault blocks (Figure 2.27; Link 1930;
Cloos 1939; Parker and McDowell 1951;1955; Withjack and Scheiner 1982; Withjack and Calla-
way 2000; Sims et al. 2013; Jackson and Hudec 2017). The hanging wall of an initial fault sinks
into the source layer until it is resisted by increasing pressure forces and bending resistance. New
faults form repeatedly nearer the axis of the graben. The dwindling central fault block sinks while
the diapir rises below it (Vendeville and Jackson 1992a). In this way, as faults slice up the graben,
the underlying salt begins to rise up the axis of the graben, filling the space created by thinning of
sediment and separation of fault blocks, and rising as a triangular diapir (Figure 2.27; Bowie
1927; Vendeville and Jackson 1992 a; b). This type of salt upwelling is termed reactive diapirism,
and is fundamentally controlled by regional extension (Vendeville and Jackson 1991). For the ge-
ological timescales and temperatures of the buried salt in sedimentary basins, Price and Cosgrove
(1990) calculate that lateral salt movement sufficient to feed reactive and active diapirs will occur
if the salt layer is in excess of 500 m thick. Most diapir provinces worldwide initiated during
phases of basement-involved or detached extension (Jackson and Vendeville 1994). This fact
suggests that regional extension is the primary trigger for salt diapirism (Jackson and Vendeville
1994; Hudec and Jackson 2007). Swarms of normal faults adjoin the deep flanks of many diapirs,
reflecting their early extensional histories (Vendeville and Jackson 1991; 1992a; b; Jackson and
Vendeville 1994; Hudec and Jackson 2007; 2011). The width of a reactive diapir’s base records
the amount of extension. At the base, extension is accommodated entirely by flow of salt. Mid-
way up the diapir, extension is partly by flow of salt and partly by faulting. Above the diapir, ex-
tension is entirely by faulting (Bally 1981;1982; Jackson and Hudec 2017).

The key diagnostic features of reactive diapiric walls are: a triangular shape, pointed crest and a
crestal graben or half-graben, which dominate the map view. An axial trench in the floor of the
graben is bounded by fault terraces that step upward and outward to the upwardly flexed margins
of the graben. Faults are subparallel but may anastomose (Cloos 1955; 1968; Withjack and Scheiner
1982; Vendeville and Jackson 1992; Hudec and Jackson 2007; Sims et al. 2013; Jackson and Hudec
2017). Reactive diapirism stops whenever regional extension stops, and continues again whenever
extension recommences (Jackson and Vendeville 1994). Rapid extension with low sedimentation
rates leads to progressive thinning of the diapir roof, allowing the transition into active and then
passive diapiric growth. Low extension and high sedimentation rates lead to diapir burial (Figure
2.28; Vendeville and Jackson 1991; 1992a; b; Giles and Lawton 2002).

Active diapirism

“Active diapirism” corresponds to intrusion of salt through the overburden which triggers dom-
ing and faulting of the diapir roof (Nelson 1989; 1991; Jackson and Talbot 1991; Vendeville and
Jackson 1992 a; b; Schultz-Ela et al. 1993; Hudec and Jackson 2011; Jackson and Hudec 2017). If
the diapir becomes tall enough, its roof sufficiently thinned and the graben trough deep enough,
a diapir can pierce actively by lifting and shouldering aside its roof to emerge rapidly at the sur-
face (Vendeville and Jackson 1992a). As reactive diapirism thins and weakens the overburden;
eventually the roof may weaken to the point where it can be uplifted and shouldered aside by
forcible rise of the underlying diapir (i.e., active diapirism; Figure 2.27). In extensional settings,
this forcible rise is driven by salt buoyancy, so active diapirism will occur only if the salt is less
dense than its overburden (Figure 2.22). Because active diapirism is controlled by gravitational
forces acting on the salt, it continues even if regional extension stops (Vendeville and Jackson
1992a; Hudec and Jackson 2007; 2011; Jackson and Hudec 2017; Rowan 2020). Active diapirs
typically break through their remaining roofs quickly and rise to the sediment surface, becoming
passive diapirs (Figure 2.27).
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Halokinetic active rise is influenced most strongly by sediment density, roof strength and anisot-
ropy, and salt geometry (Schultz-Ela et al. 1993). Active rise is promoted by increasing the average
density and thickness of sediments overlying the source layer, which increases the driving force by
decreasing thickness and density of sediments above the salt structure, which decreases the resist-
ing force (Schultz-Ela et al. 1993; Jackson and Hudec 2017). Active rise is also promoted by weak
roofs, especially in faulted or unconsolidated sediment (Schultz-Ela et al. 1993; Jackson and Hudec
2017). Active rise forms two types of structures: arched roofs and upturned collars. Arched roofs
result where the salt has not pierced to the surface, whereas upturned collars are evidence that a
formerly active diapir once broke through to the surface (Link 1930; Cloos 1939; Parker and
McDowell 1951; 1955; Hanna 1953; Cloos 1955; Atwater and Forman 1959; Bornhauser 1969;
Withjack and Scheiner 1982; Davison et al. 2000; Schultz-Ela and Walsh 2002; Schultz-Ela 2003;
Sims et al. 2013; Jackson and Hudec 2017).

Due to the almost synonymous usage of active and passive diapirism in the literature, Rowan and
Giles (2021) proposed two specific scenarios for which active diapir rise should be used; 1) transi-
tional active diapirism; the single, short-lived stage when the salt in a precursor structure (e.g.,
reactive diapir, contractional fold or thrust or salt pillow) is pressurised enough to arch, rotate aside
and breakthrough its covering strata, subsequently rising by passive diapirism and; 2) contractional
active diapirism (Jackson and Hudec 2017), which occurs when an inactive diapir, buried beneath
a relatively thick roof is squeezed during shortening, thereby uplifting (and possibly breaking
through) the roof as salt rise is rejuvenated (Vendeville and Nilsen 1995; Jackson and Hudec 2017;
Rowan and Giles 2021).

Passive diapirism

During subsequent passive piercement, a diapir widens by regional extension and increases in re-
lief by downbuilding during concurrent sedimentation (Figure 2.27; Barton 1933; Jackson and
Talbot 1991; Hossack 1995; Hudec and Jackson 2007; Jackson and Hudec 2017; Rowan and
Giles 2021). In passive diapirism, salt may rise through thousands of meters of section without
ever having to forcibly break through anything more than transient sedimentary layers (Hudec
and Jackson 2007).

Most of the worlds tall salt domes and walls spent the majority of their evolution as passive diapirs
(Hudec and Jackson 2011; Rowan and Giles 2021). Diapirs can bypass the reactive and active
modes of growth, and commence with passive diapirism if the overburden is thin and uneven
(Vendeville and Jackson 1992a). Passive diapirism may occur in any tectonic setting (Hudec and
Jackson 2011); however, for passive diapirism to begin, either part of the salt layer must remain
exposed during initial burial of surrounding areas, or the salt must break through its overburden
to reach the surface. This is usually achieved by earlier active diapirism and is especially likely after
a long phase of reactive diapirism, where extension has established a load gradient and weakened
the roof (Vendeville and Jackson 1992a). In order for a passive diapir to grow, salt within it must
be pressurised enough to flow upward at the sediment surface. This pressure may be generated in
at least three ways. First, if the average density of the overburden above the source layer is greater
than that of salt, salt will be forced to the surface. Second, the salt diapir may be laterally shortened,
causing salt to rise at the surface by displacement loading. Third, salt may be loaded by sedimentary
topography, for example, near the toe of a continental slope or within a graben which has topo-
graphic relief (Vendeville and Jackson 1992; Jackson and Vendeville 1994; Hudec and Jackson
2007; 2011; Giles and Rowan 2012; Jackson and Hudec 2017; Rowan and Giles 2021).

In most depositional environments, sedimentation, and thus sedimentary loading, is episodic, so
the diapir is periodically buried beneath a sedimentary veneer during rapid sedimentation. Passive
diapirs thus have three growth modes: 1) true passive diapirism, when the salt is emergent; 2)
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temporary diapir burial after sediments aggrade faster than the diapir crest rises; and 3) active
piercement as aggradation is outpaced by diapiric rise (Jackson et al. 1988; 1994). These three
processes are repeated as cycles that keep the crest of the diapir at or near the sediment surface
during growth (Nelson 1989; 1991; Jackson and Talbot 1991; Rowan et al. 2003; Giles and Rowan
2012; Jackson and Hudec 2017).

Sedimentary deposits accumulate around, and wedge out above diapirs (Figure 2.28; Giles and
Lawton 2002; Rowan et al. 2003). The geometry of the overburden is therefore determined by the
ratio of sediment accumulation rate and diapir rise (Figure 2.28; Vendeville and Jackson 1991;
Jackson et al. 1994; Talbot 1995; Giles and Lawton 2002; Rowan et al. 2003; Karam and Mitra
2016). Where rates are equal, diapirs and their deposits grow vertically; when the diapir rises are
faster than the surrounding sediment, salt may reach the basin floor and spread laterally and when
sedimentation rate outpaces diapir rise, successions onlap and progressively cover the outcropping
salt, which may become completely buried (Figure 2.28; Giles and Lawton 2002).

Diapir rise rate > Aggradation rate

Diapir rise rate = Aggradation rate

Diapir rise rate < Aggradation rate

Figure 2.28: The cross-sectional shapes of diapirs, particularly passive diapirs, are controlled by the relative rates of net diapir rise
(salt rise minus erosion and dissolution) and sediment aggradation. Where diapir rise rate exceeds aggradation rate, diapirs widen
upward and may nltimately form extrusive sheets. Where diapir rise rate is equal to aggradation rate, diapirs have vertical walls.
Where diapir rise rate is less than aggradation rate, diapirs narrow upward and may nltimately become completely buried. Modified
Srom Giles and Lawton (2002).

Once the salt source layer is exhausted, diapirs may fall if extension continues as they widen
(Vendeville and Jackson 1992b; Hudec and Jackson 2007; Jackson and Hudec 2017). Subsequent
thinned salt layers typically act as a detachment in both gravity-driven and basement-involved ex-
tension (Hudec and Jackson 2007; Fossen 2010; Dooley et al. 2013; 2015; 2020; Rowan 2020).
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During lateral shortening, the salt’s overburden may buckle. Flow of underlying salt into the lower-
pressure core of a rising anticline creates a salt-cored anticline (Figure 2.26). Anticlines can form
above previously undeformed salt (Bally 1981; Jones 1959; Coward and Stewart 1995) but they are
especially common above pre-existing salt structures (Jones 1959; Nilsen et al. 1995; Vendeville
and Nilsen 1995; Hudec and Jackson 2007; Camara 2020). Shortening can also amplify pre-existing
structures by arching their roofs (Bally 1981; 1982; Schultz-Ela et al. 1993; Hudec and Jackson
2007; Rowan 2020). During the amplification of a diapir by compression, salt may pierce its roof
by some combination of crestal normal faulting, erosion, active diapirism and buoyancy.

Where pre-existing salt structures are shortened, a common structure formed is the teardrop diapir,
whose upper part becomes largely detached from its source layer (Figure 2.26; Hudec and Jackson
2007; Ferrer et al. 2012; Schorn and Neubauer 2014; Pichel et al. 2017). The original ascent zone
of the salt is marked only by a steep salt weld in the former ‘waist’ (which was pinched off during
shortening), of an originally hourglass-shaped diapir (Hudec and Jackson 2007; Fossen 2010; Fer-
rer et al. 2012; Schorn and Neubauer 2014; Pichel et al. 2017). Most of the salt in the waist is
expelled upward to promote rise of the upper part of the diapir and the arching of its roof. The
lower part of the diapir remains, forming a salt pedestal in the original position of the salt diapir
(Fossen 2010; Schorn and Neubauer 2014; Pichel et al. 2017; Jackson and Hudec 2017).

2.6 Halokinetic growth stratigraphy

During passive diapirism the geometry of the diapir and the overlying syn-kinematic stratigraphy
is much dependent on the ratio between sedimentation rate and diapir rise rate (Figure 2.28; Giles
and Lawton 2002). As such, overburden deformation along diapir flanks has been widely reported
(e.g., Alsop et al. 1995; 2000; Rowan et al. 2003; Stewart 2006; Hudec and Jackson 2007; 2011;
Coleman et al. 2018; Cumberpatch et al. 2021b;c). Characteristics of such deformation are: steep,
vertical or overturned strata; rapid thinning towards the diapir; and concentric and radial faults on
diapir flanks (Alsop et al. 2000; Stewart 2006; Hudec and Jackson 2007; Carruthers et al. 2013;
Poprawski et al. 2014; 2016; 2021; Coleman et al. 2018; Cumberpatch et al. 2021b;c).

Two models exist for diapir-induced overburden deformation; drag and drape folds (Figure 2.29).
Drag folds involve shearing and deformation of consolidated sediments along the diapir edges and
are sometimes referred to as external shear zones (Figure 2.29; Jackson and Talbot 1991; Alsop
1996; Alsop et al. 2000; 2016; Schultz-Ela 2003; Hudec and Jackson 2007; Rowan et al. 2019).
Drape folds are related to deformation of unconsolidated sediment, where folding is explained by
differential uplift of the diapir roof and subsidence of diapir flanks. Older strata undergo more
deformation than younger strata which explains the shallowing and thickening of deposits away
from the diapir as well as unconformities and slumps, which are seen to develop on diapir flanks
due to gravitational instability (Figure 2.29; Giles and Lawton 2002; Rowan et al. 2003; Giles and
Rowan 2012; Carruthers et al. 2013; Jackson and Hudec 2017; Pichel and Jackson 2020; Rowan
and Giles 2021; Roca et al. 2021).
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Thinning of sediments
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(halokinetic sequence boundary)
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Various degrees of upturn

Figure 2.29: End member models for diapir growth and overburden deformation (Poprawski et al. 2014). Drag fold model
(Alsop et al. 2000) and drape fold model (Giles and Lawton 2002).

Halokinetic Sequences

Drape folding controls the development of halokinetic sequences (Figures 2.30, 2.31, 2.32 and
2.33; Table 2.3; Giles and Lawton 2002; Rowan et al. 2003; Giles and Rowan 2012; Saura et al.
2014; Poprawski et al. 2014; 2016; Martin-Martin et al. 2017; Jackson and Hudec 2017; Rojo and
Escalona 2018; Snidero et al. 2019; Escosa et al. 2019; Rowan and Giles 2021). Halokinetic se-
quences were first recognised around the El Papalote Diapir, Mexico, by Giles and Lawton (2002)
who defined them as “unconformity-bound packages of thinned and deformed strata adjacent to
passive diapirs”. Halokinetic sequences represent cycles of passive diapirism and minor active di-
apirism (more recently referred to as transitional active diapirism; Jackson and Hudec 2017; Rowan
and Giles 2021) when salt periodically rises and pierces the diapir roof (Rowan et al. 2003). Halo-
kinetic sequences are different from ‘traditional’ depositional sequences in scale and mechanisms
of formation. Depositional sequences are typically basin wide whilst halokinetic sequences are lo-
calised to the area directly surrounding a diapir (they could not be traced further than 1 km at El
Papalote). Depositional sequences form as the accommodation rate varies relative to the regional
rate of sediment accumulation, while halokinetic sequences form as the rate of net vertical diapiric
rise varies relative to the local rate of sediment accumulation (Figure 2.28; McGuinness and Hos-
sack 1993; Jackson et al. 1994; Talbot 1995; Koyi 1998; Giles and Lawton 2002). Two end mem-
bers of halokinetic sequences (Hook and Wedge; Figure 2.30; Table 2.3) are described by Giles
and Rowan (2012). Hook sequences have narrow zones of deformation, high angle unconformities
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and abrupt facies changes. Hook halokinetic sequences are observed when diapir rise rate exceeds
sedimentation rate. Wedge halokinetic sequences occur when diapiric rise is less than sedimenta-
tion rate and are characterised by broad zones of folding, low-angle unconformities and gradual
facies changes (Figure 2.30; Table 2.3). Halokinetic sequences have thicknesses and time scales
equivalent to parasequence sets (Giles and Rowan 2012).

Angular unconformities form when net diapiric rise rate exceeds local sediment accumulation rate,
allowing the diapir to rise to the surface and generate a steep, unstable slope. This slope commonly
fails, forming a mass transport deposit (slump) overlying the sequence-bounding unconformity
(Giles and Lawton 2002). If uplift and roof destabilisation are sufficient the diapir may pierce the
basin floor. Increasing the sediment accumulation rate relative to diapiric rise suppresses the dia-
piric surface topography and is preserved as onlap and overlap surfaces (Giles and Lawton 2002).
When sedimentation rate exceeds diapiric rise rate the diapir becomes buried (Figure 2.32; Giles
and Lawton 2002; Rowan et al. 2003; Giles and Rowan 2012; Rowan and Giles 2021).

Perhaps confusingly, wedge-shaped stratal packages are also common at larger (multi-km) scales,
and are due to variable uplift and/or subsidence associated with salt-related deformation within
minibasins (e.g., Rowan and Weimer 1998; Jackson and Hudec 2017; Mianaekere and Adam 2020).
These are termed “minibasin tectonostratigraphic packages” (Rowan and Giles 2021), and are ex-
plicitly different from halokinetic sequences (widths of <1 km) in that they can be multiple kilo-
meters wide and include megaflaps (panels of deep minibasin strata extending far up the sides of
steep-sided diapirs; e.g., Rowan et al. 2016; Kergaravat et al. 2017; Martin-Martin et al. 2017; Asl
et al. 2019; Espurt et al. 2019). Minibasin tectonostratigraphic packages are typically independent
of deformation adjacent to bounding diapirs and can be related to any combination of extension,
contraction, or differential loading and subsidence (Jackson et al. 2019; Rowan and Giles 2021).

< 30 ° angular
unconformity

< 90 ° angular
unconformity

Gradational facies
changes

Near diapir
facies variability

Minibasin
x >
@) ©
o @
- =
50-200m , 300 - 1000 m
Drape folding 50 - 200 m from diapir Drape folding 300 - 1000 m from diapir

Figure 2.30: End member models of halokinetic sequences showing the characteristic features of hook and wedge halokinetic
sequences. Hooks represent diapir rise rates greater than sedimentation rate and wedges represent diapir rise rates less than sedimen-
tation rates (Giles and Rowan 2012).
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Table 2.3: Characteristics of hook and wedge halokinetic sequences (Giles et al. 2004; Giles and Rowan 2012).

Feature

Facies in a single halokinetic sequence

Internal folding

Hook sequence

Outer-shelf black shale (tog)
Migdle-lower shoreface
Outer-shelf black shale
Subaquecus debris flow (base)

Folding common
J-hook unconformities, salt cusps

Wedge sequence

Middle-shelf shale {top)

Tigal or lagoonal sandstone
Upper-shoreface sandstone
Lower-shoreface sandstone/shale
Middle-shelf shale (base)

Folding rare
Truncation angles < 15°

Truncation angles <90°

Slip on sequence-bounding unconformity  Significant slip
Abundant brittle shear

Megligible slip

Relative aggradation rate Very low, during transgression Moderately high, during regression

Termination of halokinetic sequence
diapir averages 250 m from truncation

Width of uptum Up to 200 m Up to 800 mi

Composite Halokinetic Sequences (CHS)

Cycles of salt diapirism and onlap lead to the deposition of stacked (or composite) halokinetic
sequences (CHS; Figure 2.31), bounded by angular unconformities, which are scale-equivalent to
third-order depositional cycles (Giles and Lawton 2002; Rowan et al. 2003; Giles and Rowan 2012;
Rowan and Giles 2021). Hook sequences stack into tabular composite sequences which are char-
acterised by sub-parallel boundaries, thin roofs and local deformation (Figure 2.31; Table 2.3).
Wedge sequences stack into tapered composite sequences with folded, convergent boundaries,
thicker roofs and broad zones of deformation (Figure 2.31; Table 2.3). Composite halokinetic
sequence style is determined by the ratio of sediment-accumulation rate to diapiric rise rate; low
ratios (i.e., sedimentation rate < diapir rise rate) lead to tabular sequences and high ratios (i.e.,
sedimentation rate > diapir rise rate) result in tapered sequences (Figure 2.31; Giles and Rowan
2012; Rowan and Giles 2021).

Sedimentation rate < Rise rate

Narrow zone  gyp-parallel base
of thinning and top

v -
v " Mook HS

V Hook HS
Diapiru Hook HS

&/v\ Hook HS |

50-200 m Axial trace of monocline
near diapir (forms a zone Axial trace of monocline

parallel to diapir margin) progressively incline from diapir
Figure 2.31: End member models for composite halokinetic sequences (CHS). CHS are stacked halokinetic sequences. In tabular
(stacked hook) CHS net sedimentation rate is less than net diapiric rise rate, whilst in tapered (stacked wedge) CHS net sedinen-
tation rate is more than net diapiric rise rate (Giles and Rowan 2012).

Sedimentation rate > Rise rate
Broad zone
of thinning Convergent base and top

Wedge HS
Wedge HS
Wedge HS
Wedge HS

Diapir

Tabular

- 300 -1000 m

In tabular CHS (Figures 2.31 and 2.32), long term diapir rise rate outpaces deposition, which results
in a particularly thin roof due to the topographic relief of the salt diapir. The roof panel is partic-
ularly thin and prone to failure and mass wasting, especially if the roof is extended and fractured
during folding (1, Figure 2.32). Failure along a steep scarp creates a high angled unconformity with
overlying mass transport deposits that downlap the basin floor (2, Figure 2.32). Short lived periods
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of rapid deposition result in stratigraphy that onlap and overlap the topography caused by the mass
transport deposit and subsequent slower deposition leads to the generation of increased topogra-
phy (3, Figure 2.32). Onlapping and overlapping strata become the next roof strata which get
progressively folded and the CHS development continues (4, 5, Figure 2.32; Giles and Rowan
2012; Jackson and Hudec 2017; Rowan and Giles 2021).

In tapered CHS (Figures 2.31 and 2.32) topographic relief is minor because sedimentation keeps
up with the local accommodation created by diapiric rise. During minor decreases in sedimentation
rate the diapir continues to rise, creating an area of slight topographic relief that may become a
zone of sedimentary bypass or erosion, thereby producing a low-angle truncation surface (1, Figure
2.32). The resumption of increased sedimentation rates results in onlap and progressive overlap of
the low-angle unconformity and the diapir roof strata (2, Figure 2.32), with continued rotation of
underlying wedges due to diapiric rise. The onlapping and overlapping strata form the next wedge
(3, Figure 2.32), with repetition of the process creating the tapered CHS (4, 5, Figure 2.32) (Giles
and Rowan 2012; Jackson and Hudec 2017; Rowan and Giles 2021).
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Figure 2.32: Genetic model for formation of tabular and tapered CHS (Giles and Rowan 2012). Tabular evolution comprises:
1) inflated diapir with a folded thin roof (Hook 1); 2) failure of roof forming unconformity overlain by debris flow (blue) and
onlap/ overlap of diapir (Hook 2); 3) relative diapir inflation and drape folding of Hooks 1 and 2; 4) failure of roof panel with
onlap/ overlap forming Hook 3; and 5) failure of Hook 3 roof panel. Tapered evolution comprises: 1) thick roof panel over diapir,
which inflates resulting in erosional truncation of roof panel and Wedge 1; 2) overlap by Wedge 2; 3) erosional truncation of Wedge
2 over the inflating diapir; 4) onlap and overlap of Wedge 3; and 5) erosional truncation of Wedge 3 and onlap of Wedge 4.

Factors influencing halokinetic sequences
It is specifically the interaction between salt rise and sediment accumulation (or preservation if
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there is erosional stripping of the roof) that controls the topographic relief, roof thickness, and
style of drape folding and thus halokinetic sequence type (Rowan and Giles 2021). It is important
to note that halokinetic sequences, in similarity with drape folds, are not characterised by faulting
(Figure 2.29; Rowan and Giles 2021).

CHS can stack together in a variety of geometries to form pronounced cusps adjacent to diapirs
(Figure 2.33), dependent on variability in the parameters controlling sedimentation rate and diapir
rise rate. As the diapir and minibasin both grow, rise rate and subsidence rate will increase. Even
if average sedimentation rates (and sand percentage) stay constant, there will be an upwards tran-
sition from tapered CHS to tabular CHS, a commonly observed pattern around deep-water diapirs.
In addition, pulses of shortening will increase salt-rise rate, making tabular CHS more likely even
if plenty of sand is in the system. Any extension will have the opposite effect, with tapered CHS
more common (Giles and Rowan 2012; Jackson and Hudec 2017; Rowan and Giles 2021).
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Figure 2.33: Geometric patterns of stacked CHS, arrows show axial trace of monocline (Giles and Rowan 2012). A) Tabular
CHS over tabular CHS; B) Tabular CHS over tapered CHS; C) Tapered CHS over tapered CHS; and D) tapered CHS over
tabular CHS.

Similar halokinetic styles are seen across all depositional environments, but how halokinetic se-
quence boundaries correlate to sequence stratigraphic systems tracts depends on depositional set-
ting (Giles and Rowan 2012). In deep-water settings, composite halokinetic sequence boundaries
typically develop due to slow deposition (suspension fallout) during the transgressive and high-
stand systems tracts. In contrast, the slowest deposition on the shelf is during the lowstand to
transgressive systems tracts, so that CHS boundaries usually fall somewhere within the transgres-
sive to earliest highstand systems tracts. In sub-aerial depositional settings, erosional unroofing of
the diapir may lead to gradual thinning of the roof (even during relatively rapid sedimentation) so
that the zone of folding in a tapered composite halokinetic sequence narrows upward.

The presence and thickness of a roof above a near surface diapir influences the evolution of halo-
kinetic sequences. Thin roofs generate narrow zones of drape folding (hook halokinetic sequences
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that stack into tabular CHS), whilst thick roofs form wider collars of upturned strata (wedge halo-
kinetic sequences that stack into tapered CHS; Figures 2.30, 2.31, 2.32; Giles and Rowan 2012;
Rowan and Giles 2021).

Analysis of thickness patterns of growth strata over salt diapirs suggests that passively growing
diapirs can have up to 300 m (Schultz-Ela and Jackson 1996) of drape-folded roof; whilst diapirs
with thicker roofs are no longer growing (Jackson and Hudec 2017). Schultz-Ela et al. (1993) stated
that diapir height must be more than 66-75% (i.e., the roof should be less than 25-34%) of the
surrounding overburden for growth to occur. This value should not be taken too rigidly as it may
depend on such factors as: diapir width and thus salt flux (Rowan 2017), the shape of the diapir
top (Schulz-Ela et al. 1993), depositional environment and whether or not shortening is involved
(which can lift thicker roofs due to added pressure on the salt, Jackson and Hudec 2017).

The width of a deformation halo around a diapir is expected to correlate loosely with lithology and
aggradation rate; the latter affects the thickness of the halokinetic wedge (Rowan et al. 2003; Ro-
wan and Giles 2021). Slow, mud-dominated sedimentation is likely to result in halokinetic aureoles
about 200 to 300 m wide, where sands thin from regional thickness only near the diapir. Fast
sedimentation should be associated with halokinetic aureoles about 600 to 800 m wide, where
sands onlap and eventually cover the diapir. Diapirs growing along contractional anticlines could
have deformation aureoles as much as 3 km wide (Rowan et al. 2003; Jackson and Hudec 2017;
Rowan and Giles 2021).

Depositional environment has a strong control on the development of a roof. In deep-water and
many shallow-water settings, there is always a hemipelagic fall-out of fine-grained sediment that
blankets even the topographic highs of growing salt stocks and walls (e.g., Prather et al. 1998; Giles
and Rowan 2012; Rowan and Giles 2021). In other shallow-water environments, there may be
thick, aggrading carbonate platforms that keep pace with or even outpace salt rise (e.g., Giles et al.
2008; Giles and Rowan 2012; Poprawski et al. 2014; 2016) and in nonmarine settings, the presence
and thickness of a roof depends on the magnitude of the freeboard (height of the diapir top above
the floor of the adjacent minibasins; Talbot 1993) relative to the sediment accumulation rate at the
diapir margin. If sedimentation rate is too low, the diapir remains emergent, with onlap onto its
flanks (e.g., Pichel and Jackson 2020), but if the freeboard is small and the sedimentation rate is
great enough, the diapir will get buried (Figure 2.28).

Of course, as with any sedimentary system, emergence and burial can fluctuate over time. Erosion
of any sort will also impact roof thickness; this may be caused by local sedimentary processes such
as wave-base erosion, channelised flow, bottom currents, and gravity-flows incorporating surficial
sediment or mass wasting of roof scarps at the edges of diapirs. Roof erosion could also be regional
erosion related to base-level changes or climatic shifts. All erosional and depositional systems may
act asymmetrically with respect to the margin of the diapir, occurring on one flank and not another,
and varying over time (e.g., Giles and Lawton 2002; Rowan et al. 2003; Giles and Rowan 2012;
Poprawski et al. 2014; 2016; Jackson and Hudec 2017; Pichel and Jackson 2020; Rowan and Giles
2021; Roca et al. 2021; Cumberpatch et al. 2021b).

2.7 Examples of halokinetically-influenced environments

Halokinetically-influenced stratigraphy has been studied in outcrop across a multitude of different
depositional environments (Table 2.4), however prior to this thesis deep-water halokinetically-in-
fluenced settings were not well documented in outcrop (Cumberpatch et al. 2021b). Below, two
case studies of halokinetically-influenced environments are presented; firstly, the stratigraphic ar-
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chitecture and facies of the shallow marine stratigraphy around diapirs in the La Popa Basin, Mex-
ico; and secondly, the evolution of a mixed depositional system surrounding the Mt. Frome diapir,
Adelaide Rift Complex, South Australia.

Table 2.4: Summary of balokinetically-influenced stratigraphy studies in published literature, focussing on studies that describe
some component of sedimentology or stratigraphy. Ordered by stratigraphic age. Several examples encompass many different depo si-
tional settings. Updated from Counts and Amos (2016).

exposed tidal flats,
slope, deep-water and
alluvial fans).

Study area Location Age of sur- | Depositional envi- | Studies

rounding stra- | ronment

tigraphy
Mt. Frome dia- | Adelaide Rift | Ediacaran-Cam- | Mixed (shallow ma- | Lemon 1985; 2000; Dyson
pir, Witchelina | Complex, Flin- | brian rine, carbonate | 1996; 1999; 2001; 2004 a; b;
diapir, Patawarta | ders Ranges, shelves, reefs, | 2005; Reilly 2001; Dyson and
salt sheet South Australia mounds, subaerially | Rowan 2004; Dyson and

Marshall 2007; Collie and
Giles 2011; Kernen et al
2012; 2020; Hearon et al
2015; Counts and Amos
2016; Counts et al. 2019;
Gannaway Dalton et al. 2020.

land

Paradox Basin Utah, USA Carboniferous- Fluvial-lacustrine, ae- | Trudgill et al. 2004; Mat-
Triassic olian, shallow marine, | thews et al. 2007; Tudgill and
alluvial. Paz 2009; Trudgill 2011; Ban-
ham and Mountney 2013 a; b;
2014; Venus et al. 2015.
Salt canopy on | Sverdrup Basin, | Carboniferous- | Fluvial-deltaic. Jackson and Harrison 2006.
Axel Heiberg Is- | Arctic Canada Eocene

Saraktash diapir | Ural Mountains, | Permian-Triassic | Fluvio-lacustrine, ter- | Newell et al. 2012,
Russia restrial.

Moussa  diapir, | Atlas Mountains, | Jurassic Slope-shelf, mixed | Saura et al. 2014.

Tazaoult salt | Morocco platform.

wall

Santa Cruz, Sao
Pedro de Moel,
Caldas da
Rainha-Obidos

and Rio Maiot-

Lusitanian Basin,
Portugal

Jurassic-Creta-
ceous

Shallow marine, lacus-
trine.

Kullberg 2000; Alves et al.
2002; Kullberg et al. 2006,
2013; Kullberg and Kullberg
2017; Pimentel and Pena dos
Reis 2016; Pena dos Reis et

Porto de Mo6s di- al. 2017; Davison and Bar-
apirs reto 2020.
Bakio diapir Basque-Canta- Cretaceous Carbonate shelf- | Arbués et al. 2012; Ferrer et
brian Basin, slope, deep-water. al. 2014; Poprawski et al
Spain 2014; 2016; 2021; Cumbet-
patch et al. 2021b; Roca et al.
2021.
El Chingue Bluff | Magellanes Ba- | Cretaceous Slope. Shultz and Hubbard 2005.
sin, southern
Chile
Fars Province Persian Gulf, | Cretaceous-Ne- | Shallow marine. Ala 1974; Jahani et al. 2007.
Iran ogene
El Papalote, El | La Popa Basin, | Cretaceous-Pal- | Shallow marine— | Laudon 1984; Giles and Law-
Godo and ILa | Mexico aeogene shelf-shoreface. ton 2002; Rowan et al. 2003;
Popa diapirs Aschoff and Giles 2005
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Giles et al. 2008; Giles and
Rowan 2012.
Emirhan mini- | Sivas Basin, Tur- | Oligocene - Mio- | Fluvial, braided | Ringenbach et al. 2013;
basin key cene stream, playa-lake, la- | Callot et al. 2014; Ribes et al.
custrine, sabkha, shal- | 2015; 2017.
low marine.
Clovelly, Cote | South Louisiana, | Miocene Shallow marine. Johnson and Bredeson 1971.
Blanche, ILake | USA
Washington, Na-
poleonville,
Weeks Island
and White Castle
salt domes
Al Salif and Jabal | Red Sea, North- | Miocene Alluvial, lacustrine, | Davison et al. 1996.
al Milh diapirs west Yemen shallow marine, arid.

Case Study: La Popa Basin, Mexico
La Popa Basin contains an estimated 7000 m of Lower Cretaceous to Palacogene strata, all of
which form halokinetic sequences adjacent to three exposed salt diapirs (El Gordo, El Papalote
and La Popa Weld, formerly a salt wall; Figures 2.34 and 2.35; Giles and Rowan 2012).

The presence of halokinetic sequences indicates ongoing passive diapirism throughout deposition
of the strata. The salt diapirs arise from the Jurassic (Oxfordian) Minas Viejas Formation. The bulk
of exposed strata in the basin comprise the Parras Shale and the overlying Difunta Group (con-
taining, in ascending order, the Muerto, Potrerillos, Adjuntas, Viento and Carroza formations; Fig-
ures 2.34 and 2.35). These marine to non-marine, dominantly siliciclastic units were deposited
within the distal part of the Upper Cretaceous to Palacogene Laramide foreland basin system, such
that the uppermost Cretaceous and Palacogene part of the basin fill was deposited whilst contrac-
tion was ongoing (Dickinson and Lawton 2001; Lawton et al. 2001; Rowan et al. 2003; 2012).
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Figure 2.34: Map view and cross-section of halokinetic sequences in the 500-1,000 m wide contact zone around El Papalote and
E/ Gordo diapirs (La Popa basin, Mexico). Strata are locally overturned in hook halokinetic sequences; angular unconformities
bounding the sequences are subvertical and grade into correlative conformities within about 250 m of the diapirs’ contact (Rowan et

al. 2003; Jackson and Hudec 2017).

Hook halokinetic sequences are well developed in both the Lower Mudstone and Upper Mudstone
members of the Potrerillos Formation at all three diapirs and within the Middle Siltstone Member
at La Popa Weld (Figure 2.35). The mudstones represent the deepest-water facies in the La Popa
Basin (outer-shelf hemipelagic black shales) and presumably the slowest overall sediment-accumu-
lation rates. The Middle Siltstone Member comprises pro-deltaic mudstone and siltstone deposited
in a middle-shelf setting, and represents slightly shallow-water conditions and presumably slightly
higher sedimentation rates (Druke 2005).

Internally, hook halokinetic sequences follow a repetitive upwards facies progression. Near- diapir
basal deposits, above the halokinetic sequence boundaries, comprise carbonate debris-flow facies
that contain evaporite and non-evaporite clasts in a silty to sandy carbonate matrix (Hunnicutt
1998; Garrison and McMillan 1999; Mercer 2002; Druke 2005). These diapir-derived debris flows
are thickest near the diapir and thin away from it but typically do not extend more than a few
hundred metres away from the diapir. The debris flows are commonly overlain by or interbedded
with packstones and grainstones that represents carbonate grain and turbidity flows (Giles et al.
2008). This facies association of carbonate SGF deposits are collectively referred to as carbonate
lentils (Laudon 1975) because of their diapir-centric distribution.

Open-shelf and lower-shoreface fine-grained sandstones sometimes thin and onlap onto the basal
carbonate facies, but generally do not overlap the diapir (Figures 2.34 and 2.35; Druke and Giles
2008). In all cases, the sequence finishes with middle- to outer-shelf black shale or siltstone that
thins onto and overlaps the diapir.

Hook sequences typically range in thickness from 25 m to a little over 100 m, with folding and

thinning in a narrow zone 50-200 m wide. Giles and Rowan (2012) infer that topographic relief
built up during prolonged, slow deposition of the black-shale facies, formed steep unstable slopes
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that eventually failed and produced debris flows. The failure scarp formed an angular unconformity
commonly directly overlain by mass-wasting deposits, that forms the base of the next hook halo-
kinetic sequence (Druke and Giles 2008; Giles et al. 2008).

Wedge halokinetic sequences are well developed within the Muerto Formation at the La Popa
Weld. The Muerto Formation comprises siltstone to medium-grained sandstone with rare chert-
pebble conglomerates deposited within a prograding deltaic system (Hon 2001; Weislogel 2001).
The siliciclastic strata represent shallow-shelf/ pro-deltaic siltstones and lowet-shoreface to fore-
shore or tidal sandstones organised into progradational-parasequence sets that suggest relatively
high sediment-accumulation rates. The repetition of facies within an individual wedge halokinetic
sequence starts within lower- to middle-shoreface sandstone parasequences that onlap the haloki-
netic sequence boundary. The parasequences display a progradational stacking pattern shallowing
up to uppet-shoreface and tidal/coastal-plain parasequences at the top of the parasequence set.
These are capped by major flooding surfaces that are in turn overlain by shallow shelf/prodeltaic
siltstones (Figure 2.35; Giles and Rowan 2012).

Muerto Formation wedge halokinetic sequences typically range from 50 to 100 m in thickness and
thin over a distance of 400 — 600 m. Muerto Formation wedge successions lack the debris-flow
conglomerates containing diapir-derived detritus that are a common component of hook haloki-
netic sequences, suggesting the diapir was buried beneath a roof comprising mostly Parras Shale
(Giles and Rowan 2012). Erosional unconformities are nevertheless present. Topographic relief
over the diapir probably built-up during petriods of slower deposition of the shallow-shelf/pro-
deltaic siltstone so that near-diapir strata may have been elevated into a shoreface environment.
Shoreface wave erosion over the slightly inflated diapir likely cut the angular unconformity surfaces
that were then onlapped by lower- to upper-shoreface sandstones of the next wedge halokinetic
sequence (Hon 2001; Giles and Lawton 2002; Giles and Rowan 2012).

Individual hook and wedge halokinetic sequences stack into tabular and tapered composite halo-
kinetic sequences respectively at La Popa Weld and El Papalote Diapir. In the shelf setting of La
Popa Basin, tapered CHS generally formed during the highstand systems tract and (if present) the
lowstand systems tract, when siliciclastic sediment influx to the shelf increased due to shoreline
regression. Examples include the Parras and Muerto formations at the La Popa Weld and the
Middle Siltstone to Delgado members and the Upper Sandstone Member of the Poterillos For-
mation at El Papalote Diapir. Tabular composite halokinetic sequences primarily formed in the
transgressive systems tract in the shallow-water setting of La Popa basin, when siliciclastic sedi-
ment influx to the shelf decreased due to shoreline transgression. The prime examples are the
Lower Mudstone Member of the Potrerillos Formation at La Popa Weld and the Upper Mudstone
Member at El Papalote Diapir (Figure 2.35; Rowan et al. 2003; Giles and Rowan 2012).
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Figure 2.35: Halokinetic (HS), and composite halokinetic (CHS) and depositional sequence stratigraphy of the Upper Creta-
ceons- Lower Palacogene stratigraphy exposed on the east side of El Papalote Diapir and the north side of the La Popa Weld, La
Popa Basin, Mexico (Giles and Rowan 2012). Colours indicate dominant lithology of the unit: dark blue, carbonate lentil; light
blue, regional carbonate unit; grey, outer-shelf mudstone; brown, pro-deltaic shale; orange, lower-shoreface to middle-shelf siltstone;
yellow, deltaic sandstone. LST: lowstand systems tract; TST: transgressive systems tract; HS'T: highstand systems tract; SB: sequence
boundary; TS transgressive surface; MES: maximum flooding surface (Giles and Rowan 2012).

Case Study: Mt. Frome diapir, Adelaide Rift Complex, South Australia

In the Adelaide Rift Complex of South Australia, diapirs intersected the seafloor and land surface
during the Ediacaran—Cambrian at the same time as sediment was being deposited, giving rise to
excellent exposures of these diapirs, including the Mt. Frome diapir, and their associated mini-
basins (Counts and Amos 2016; Counts et al. 2019).

Deposits in the Mt. Frome minibasin were deposited in a variety of shallow-marine and continental
environments that were influenced by proximity to an extrusive diapir body (Figure 2.36). The
exposure and uplift of the diapir body and the erosion of allochthonous clasts from within the
diapir created a unique depositional setting and resulted in processes and products dissimilar to
those found in the same formations elsewhere in the basin. Diapir-related features in the minibasin
deposits include depositional thinning and onlap, rotational growth faulting, abundant pebble con-
glomerates deposited in debrites and turbidites and channelisation. Conglomerates are sourced
from growth-fault scarps that expose diapir matrix, leading to the deposition of diapir-derived
pebble beds in lower shoreface, shallow marine, intertidal and alluvial-fan environments. Below,
the evolution of the halokinetically-influenced environments adjacent to the Mt. Frome diapir
throughout the Ediacaran and Cambrian is summarised (Figure 2.36; Counts et al. 2019).

The Ediacaran Wonoka formation is dominated by calcareous shales and resistant limestones and
clastic pebble conglomerates of shallow marine origin. During this time Mt. Frome was possibly
subaerially exposed, with growth faulting and diapir exposure resulting in siliciclastic pebble sheet
fans which were continuous across 10s of metres. Pebble conglomerates were also deposited by
isolated channels which originated from the diapir high and appear to have re-routed to exploit
topographic lows. Stratigraphic thickness increases away from the diapir (Figure 2.36; Counts et
al. 2019).

The Bonney Sandstone comprises shales, fine-grained sandstones and pebble conglomerate de-
posited in a paralic environment by intertidal and marginal marine processes. Pebble conglomer-
ates are deposited by intermittent gravity flows due to diapir instability along the central ridge. At
this time, it is thought that parts of the subaerially exposed diapir were subject to dissolution,
forming extensive salt glaciers. Actively subsiding topographic lows adjacent to salt structures were
dominated by flood plain facies, and small channels re-routed to avoid positive diapir topography;
channelised facies are more common with distance from the diapir than on the flanks (Figure 2.306;
Counts et al. 2019).

The Rawnsley Quartzite is the first unit to contain no diapirically-derived material. Instead, it com-
prises cross-stratified and planar-laminated clean quartz-rich sandstones deposited under wave and
current processes in a shallow marine environment, possibly by intertidal dunes. By this stage, the
diapir was inactive, but likely remained a topographic high, influencing subsequent deposition, and
controlling the architecture of Rawnsley quartzite deposition, which thins towards the remnant
diapir (Figure 2.36; Counts et al. 2019).
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Environmental Controls on Facies Change
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The Cambrian Wilkawillina Formation is dominated by massive grey micritic limestone and occa-
sional white sandy limestone, deposited in a low energy sub-tidal depositional setting, dominated
by gravity settling. By this point, there is no diapir-derived material, no evidence for sediment
sourced from the diapir, and the remnant diapir topography is almost completely buried, with a
regional carbonate ramp draping the entire minibasin (Figure 2.36; Counts et al. 2019).

2.8 Topographic controls on deep-water sedimentary systems

Types of topography

Different types (static and dynamic), scales and orientations of topography ultimately influence the
evolution of the depositional system, and how this will differ from unconfined settings (Figure
2.37). Static topography is topography which does not move on the time scale of the sedimentary
system. Even the most dynamic slopes, e.g., salt-related topography, may be largely static during
the development of sedimentary systems (e.g., during quiescence). In these static, or largely static
settings, typically, individual flows will not experience the effects of slope movement (such as mass
transport deposits), but they will be manifested between flows, or following deposition on the
slope. Static topography includes pre-existing structural features, carbonate platforms, and other
palacotopography. Dynamic topography is typically considered as allogenic in origin (e.g., salt
growth or tectonism) but may also be generated autogenically at the flow- to system-scale, e.g.,
lobes and levees (Kane et al. in prep). A further category is that of static topography transported
within or from outside the system, i.e., mass transport deposits, although such deposits commonly
undergo deformation during the history of the system (Figure 6.16). The reaction of sedimentary
systems to static or dynamic topography may be very different; for example, growing or retreating
structures may repulse or attract channel systems respectively (e.g., Mayall et al. 2010; Kane et al.
20105 2012).

Kane et al. (in prep) described five scales of topography from the largest to smallest scale (Figure
2.37). 1st order topography is the continental margin, which largely defines the sediment entry
points to deep-marine basins and the systems which develop downdip as a consequence. 2nd order
topography can loosely be defined as depocentre scale and may define individual basins or include
several distinct basins. 3rd order intrabasinal scale topography includes surface expressions of
faults and salt-related topography, which may form discrete ‘minibasins’. 4th order is broadly flow
scale topography, inducing much autogenic relief (e.g., erosional channels, levees, terraces and
convex-up lobe bodies). Finally, 5th order, sub-flow-scale, includes seafloor roughness, and bed-
forms, from which sediment is entrained. It is implicit in this scheme that 1st order topography
may be superimposed by each lower level of topography. 1st order topography is largely independ-
ent of depositional systems; 2nd order can experience feedback from the sedimentary system
through loading and subsidence, and all orders below (3-5) are subject to depositional and ero-
sional feedback, and may entirely be a product of the depositional system itself (autogenic topog-
raphy, e.g., levees).
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Figure 2.37: Different scales of topography in deep-water depositional systems, from 1% order, continental margin scale, to 5%
order, sub-flow scale topography (Kane et al. in prep).

Edeep-marine sediments

Sediment gravity flow interaction with topography

Basin topography has a substantial effect on the routing of sediment gravity flows and subsequent
architecture of associated channel and lobe deposits (Booth et al. 2003). It has been almost 70
years since the first observations of SGFs being affected by topography, and the seafloor being
partitioned into a series of confined sub-basins were proposed (Menard 1955; Gorsline and Emery
1959; Van Andel and Komar 1969; Allen 1985; Muck and Underwood 1990). This topography can
be generated by mud or salt diapirism (Fusi and Kenyon 1996; Gee and Gawthorpe 2006; 2007;
Doughty-Jones et al. 2017), tectonic events (Hodgson and Haughton 2004; McArthur et al. 2019;
Cullen et al. 2019; Tilhams et al. 2021) and depositional and erosional relief (Normark et al. 1979;
Ortiz-Karpf et al. 2015; 2016; Spychala et al. 2015; Soutter et al. 2018; Cumberpatch et al. 2021a).
Flow interaction with this topography can result in highly heterogeneous and complex onlap ge-
ometries as flows can be redirected, transform, or run up-topography to variable degrees (Al Ja’aidi
2000; Al Ja’aidi et al. 2004; Bakke et al. 2013; Bell et al. 2018a; Soutter et al. 2019). A relatively
restricted basin may confine flows to the point where deposits are generally thick and amalgamated,
stacking aggradationally (Marini et al. 2015).

SGFs are driven down-slope by the force of gravity acting upon them (e.g., Daly 1936). The shape
of this slope dictates the direction and speed of these flows, which will affect the location and
character of their deposits (e.g., Pickering and Hiscott 1985; Kneller et al. 1991; Edwards et al.
1994; Kneller 1995; Davis et al. 2009; Kane et al. 2010; 2012) and therefore directly impacts their
potential as hydrocarbon reservoirs. The deposits of SGFs can therefore be used to infer the shape
of the topography that the flow interacted with, and the nature of flows themselves. The different
flow processes responsible for SGFs respond to topography in different ways (e.g., Middleton and
Hampton 1973; Mulder and Alexander 2001; Talling et al. 2015). Kneller and McCaffrey (1999)
suggested that the basal and denser part of an individual flow will respond differently to topogra-
phy than the upper and more dilute part of the same flow, which will affect deposition adjacent to
topography. Higher density regions of flows will be more affected by topography than lower-
density regions of flows; deposits from these flows will consequently be differentially distributed
around topography, resulting in deep-water facies arrangements that may be considered indicative
of topographic interaction (Figure 2.38).
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Figure 2.38: Topographic interaction model of different flow types. Note how laminar flows have a tendency to follow topographic
obstructions, whereas turbidity currents may be able to surmonnt significant topography (Al Ja'aidi 2000; Bakke et al. 2013).

As high-concentration mixtures of fluid and sediment, where particles are supported by grain-to-
grain interaction and the matrix strength of the flow (Lowe 1982; Sohn 1997), debris flows are
strongly influenced by topography and will tend to be steered around obstructions; their deposits
are typically found in topographic lows (Figure 2.38). Turbidity currents have lower concentrations
than debris flows, and the particles are maintained in suspension by fluid turbulence; accordingly,
because much of the load is carried above the bed, these flows can override significant topography
(Figure 2.38; e.g., Dolan et al. 1989; Muck and Underwood 1990; Lucchi and Camerlenghi 1993).
HDTCs will tend to be strongly density stratified flows and are thus more strongly affected by
topographic interaction than weakly stratified or near homogenously mixed flows, such as low-
density turbidity currents (Al Ja’aidi 2000; Gladstone et al. 2004). The interaction of strongly strat-
ified sand-rich turbidity currents with a slope may result in deflection and/or the relatively abrupt
deposition of the high-density lower part of the flow, whereas the more dilute, well-mixed, and
finer-grained upper part may overcome the topography (Figure 2.38; e.g., Normark et al. 1983).
Kneller and McCaftrey (1999) explain the abrupt transition from massive coarse sandstones up
into structured fine sandstones with variable paleocurrent directions as a consequence of density
stratification within ponded turbidity currents. In their interpretation, the stratigraphically lower,
higher-density portion of the flow decelerates, resulting in rapid sediment fallout; in contrast, the
overlying, lower density portion is reflected and deflected by the bounding topography.

In hybrid event beds the forerunning turbidity current will run up the slope much further than the
trailing debris flow (Figure 2.38; Haughton et al 2009). Interaction of sediment gravity flows with
confining slopes may also drive flow transformations, for example, by decelerating a turbidity cur-
rent and thus driving an increase in the near-bed sediment concentration to develop transitional
flow deposits (Kane and Pontén 2012).
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Facies indicative of topographic influence

Flow interaction with topography has been shown to result in a range of facies variations that are
characteristic of deposition adjacent to slopes (Figure 2.39; Pickering and Hiscott 1985; Sinclair
1994; Kneller and McCaffrey 1999; McCaffrey and Kneller 2001; Felletti 2002; Al Ja’Aidi et al.
2004; Lomas and Joseph 2004; Bersezio et al. 2005; Pyles et al. 2007; Pyles and Jennette 2009;
Stevenson and Peakall 2010; Bakke et al. 2013; Patacci et al. 2014; Spychala et al. 2017¢; Southern
et al. 2017; Tinterri et al. 2016; Cunha et al. 2017; Bell et al. 2018a; Soutter et al. 2019; 2021; Cul-
len et al. 2020; Howlett et al. 2020; Cumberpatch et al. 2021 a;b; Tilhams et al. 2021).
Topographic interaction has been used to explain the deposition of thick, sand-rich turbidites ad-
jacent to paleo-slopes (e.g., Alexander and Morris 1994; Kneller and McCaffrey 1995; Puigdefabre-
gas et al. 2004; Bersezio et al. 2005; Stevenson and Peakall 2010; Tinterri and Magalhaes 2011).
Topographic interaction may also cause flow deflection (Figure 2.39), which can result in: 1) re-
mobilisation and re-deposition of sand deposited higher on the slope at the foot of the slope (e.g.,
McCaffrey and Kneller 2001; Puigdefabregas et al. 2004); 2) run-up and collapse of the high-ve-
locity base of a flow into its more dilute cloud (Haughton 1994; Hodgson and Haughton 2004);
ot 3) pulsing and repetition of turbidite divisions (i.e., Bouma divisions) (e.g., Edwards et al. 1994).
Topographic interaction may also result in laminae-scale soft-sediment deformation (e.g., Tinterri
et al. 2016) and complex tractional structures (e.g., Pickering and Hiscott 1985) as flows deflect
off a counter-slope and re-work their aggrading deposit (Figure 2.39; Allen 1985; Pantin and
Leeder 1987; Muck and Underwood 1990; Patacci et al. 2014; Bell et al. 2018a; Soutter et al. 2019;
Cumberpatch et al. 2021a;b). This re-working can also result in paleocurrent divergence adjacent
to topography, which can be used to reconstruct the geometry and orientation of the topography
(Pickering and Hiscott 1985; Kneller et al. 1991; Sinclair 1994; Marini et al. 2015). High-aggrada-
tion rates adjacent to topography and consequent deposition of sand-grade sediment has also been
shown to relatively enrich flows in mud, resulting in short length-scale (10s — 100 m) rheological
flow transformation and hybrid bed deposition (Lowe and Guy 2000; Patacci et al. 2014; Southern
et al. 2015; 2017; Bell et al. 2018a; Soutter et al. 2019) which may affect depositional architectures
adjacent to slopes (Figure 2.38). Hybrid beds have also been hypothesised to form next to topog-
raphy due to incoming flows inducing slope failure and the emplacement of a debrite within an
aggrading turbidite (McCaffrey and Kneller 2001), with thicker debrites indicating proximity to the
slope.
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Figure 2.39: Example of the reflected facies that may be produced as turbulent flow interacts with topography (LTinterri et al.

2016).

Lateral tracing of individual sandstone beds away from their termination reveals a characteristic
change in facies that is below the resolution of most seismic data, but can be seen in outcrop in
the Ordovician — Silurian Welsh Basin (Smith 2004) and the Eocene-Oligocene Annot Sandstones
(Sinclair 1994; Sinclair and Tomasso 2002; Soutter et al. 2019). Thin-bedded, non-graded, fine-
grained sandstones with upper-flow regime planar laminations pass downslope into medium-bed-
ded, partially graded sandstones with ripple lamination and planar lamination. At the base of the
slope turbidites are thick-bedded and fully-graded coarse sandstones. Slumping and liquefaction
are commonly associated with upslope amalgamation on beds (Sinclair 1994).
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The notable characteristics of “contained turbidites” (Pickering and Hiscott 1985) include: 1) the
presence of thick mudstone caps overlying sandstone beds; 2) complex palacocurrent directions;
3) dominance of thick beds; 4) complex grading patterns; 5) evidence of dewatering; and 6) onlap
of sheet-like bed geometries (Sinclair and Tomasso 2002). Evidence for syn-depositional uplift of
the basin topography (active as opposed to static topography) can be identifiable from growth
strata and onlap—offlap relationships towards the margins of the basin. Increased slumping, debris
flows and soft-sediment deformation are also commonly associated with active topography (Hol-
man and Robertson 1994). While none of these features alone are diagnostic of the presence of
evolving seafloor topography, the combination and repetitive patterns described can give some
indication of seafloor deformation.

Stratal onlap

Onlap is defined by Mitchum et al (1977) as “a base-discordant relation in which initially
horizontal strata terminate progressively against an initially inclined surface, or in which initially
inclined strata terminate progressively up-dip against a surface of greater initial inclination”. A
number of different schemes to classify onlap trajectories based on amounts of slope aggradation
(Smith and Joseph 2004), significance of draping turbidites (Pickering and Hilton 1998) and
parent flow magnitude (large flows will thicken at topography while smaller flows will thin;
McCaffrey and Kneller 2001), have been proposed. In attempt to unify these schemes, Bakke et
al. (2013) integrated their own subsurface and outcrop observations with results from other
studies (McCaffrey and Kneller 2001; Gardiner 2006) to propose six different styles of
seismically-resolvable deep-water stratal termination: simple onlap, draping onlap, bed
thickening, advancing pinch-out, convergent pinch-out and converging thickening (Figure 2.40).
Preferential formation of each of these onlap styles is controlled by various factors, such as: flow
concentration, flow magnitude, slope angle and slope stability (Bakke et al. 2013).

The slope angle and flow characteristics are critical: for the same flow, a low-angled slope may
drive flow transformation so that its deposit evolves from a clean sandstone in a downslope setting
into a progressively muddy poortly-sorted sandstone toward the pinch-out; conversely, the same
flow interacting with a steep slope may decelerate relatively rapidly, leading to deposition across
the available grain-size spectrum, and the deposition of a thick poorly-sorted sandstone with little
draping of the slope (Bakke et al. 2013). An additional factor when considering deposition against
slopes is deformation induced by the incoming flows (e.g., Puigdefabregas et al. 2004) and post
depositional remobilisation associated with slope instability, both of which have the potential to
impart more complexity on the deposits and their stratigraphic architecture.

80



Figure 2.40: Possible deep-water termination styles close to topographic highs. A-C show relatively sand-prone (yellow) strati-
graphic units while heterolithic (green) pinch outs are shown in D-F (Bakke et al. 2013).

Termination geometries (Figure 2.40) are difficult to detect seismically but are critical to assess in
deep-water topographically-influenced settings, because they may be indicative of stratigraphic
traps or hydrocarbon leakage points. Understanding stratal terminations (Figure 2.40) can help
understand the slope gradient during deposition and if bathymetry was static or active, allowing a
better understanding of the type of reservoir architectures (Bakke et al. 2013). Draping onlap and
heterolithic pinch-out terminations are likely on low-gradient confining slopes and have higher risk
of containing laterally extensive thief sandstones below seismic resolution, due to their increased
chance of being detached and lower reservoir quality (Figure 2.40; Bakke et al. 2013). Simple and
bed thickening onlaps occur in higher gradient confining slopes and are associated with higher
reservoir quality and increased sandstone connectivity (Figure 2.40; Hadler-Jacobsen et al. 2005;
Bakke et al. 2013).

Stratigraphic evolution of confined basins

Confined basins are those in which SGF routing and depositional patterns are controlled by the
topography of the basin (e.g., Gorsline and Emery 1959; Van Andel and Komar 1969; Ricci-Luc-
chi and Valmori 1980; Hiscott et al. 1986; Winker 1996; Gervais et al. 2004; Lomas and Joseph
2004; Bersezio et al. 2005; Covault and Romans 2009; Marini et al. 2015; 2016; Cunha et al. 2017,
Dodd et al. 2019). Southern et al (2015) classified confined systems based on whether they are
confined and/or contained (Figure 2.41). Confined flows ate affected by topography, while con-
tained flows are entirely encircled and retained within a depositional low (Southern et al. 2015).
Contained deposition is analogous to flow ‘ponding’ which is used superfluously in the literature
but typically describes flows entirely confined by their basin margins (Van Andel and Komar
1969).
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Figure 2.41: Different method of confinement that a deep-water system, or individual S GF, may be characterised by (from Southern
et al. 2015).

Ponded flows generate limited positive relief as the full sediment load is trapped within the basin,
thus developing a ‘flat-topped cloud’ that spreads over the whole basin (Hickson 2000; Toniolo et
al. 20006; Marini et al. 2015), which results in ‘sheet-like’ deposition and simple vertical stacking
patterns (e.g., Pickering and Hiscott 1985; Haughton 1994; Talling et al. 2007). Ponded turbidite
systems are common in a range of different geodynamic contexts (e.g., salt-withdrawal minibasins
of continental slopes in passive margins, structurally-confined basins of rifted margins and fore-
land basin systems (Smith 2004)). When relative confinement is reduced, stacking patterns become
more complex as beds are able to thin distally and thus stack with varying degrees of compensation
(e.g., Marini et al. 2015; Bell et al. 2018a; Liu et al. 2018). Relative confinement has also been
inferred through the stratigraphic trend of the mud-to-sand ratio within individual event beds (e.g.,
Felletti 2002; Sinclair and Cowie 2003; Bersezio et al. 2005; Marini et al. 2015). The absence of a
mud-cap indicates that the confining topographical relief was not sufficient to prevent bypass of
the finer, upper region of the flow (e.g., Haughton 1994), resulting in ‘flow stripping’ (e.g., Sinclair
and Tomasso 2002; Sinclair and Cowie 2003; Toniolo et al. 2006; Patacci et al. 2014). Thick mud-
caps may indicate flows were fully confined by their basin margins (e.g., Haughton 1994; Marini et
al. 2015).

Sinclair and Tomasso (2002), integrated outcrop (e.g., Sinclair 1994) and subsurface (e.g., Prather
et al. 1998; Prather 2000) data to describe a generic four-fold depositional evolution model for the
fill of a confined basin (Figure 2.42). The “fill-spill” model comprises: 1) flow ponding, where
flows are entirely confined by the basin margins; 2) flow stripping, where the upper parts of flows
are able to ‘escape’ the basin; 3) flow bypass, where the majority of the incoming flow is able to
deposit down-dip; and 4) blanketing or abandonment (Figure 2.42).

‘Flow ponding’ occurs where incoming flows are totally trapped, depositing thick, sheet-like sand-
stone- mudstone couplets. In order for flow ponding to take place, the confining basin must be
surrounded by topographic barriers that are sufficient to prevent turbidity currents surmounting
them (Figure 2.42; Sinclair and Tomasso 2002). ‘Flow stripping’ occurs where the finer, more dilute
portion of the flow is able to overtop the confining basin topography and be deposited elsewhere,
causing an increased sandstone: mudstone ratio within the basin as much of the fines have been
displaced. The coarse, dense core of the turbidity current remains constrained, and thus preferen-
tially infills the confined basin, while the upper, dilute part of the flow can be stripped off and
transported over the topographic barrier, often into a lower basin (Figure 2.42; Alexander and
Morris 1994; Sinclair and Tomasso 2002).

When the upper basin is sufficiently filled with sediment, the break of slope that defined the margin
of the upper basin becomes healed (Prather et al. 1998) and the opposing intrabasinal high is
predominantly buried. ‘Flow bypass’ occurs where accommodation space is limited either by flows
traversing over the filled basin resulting in incision, or by switching of feeder channels away from
the basin resulting in abandonment. The transition from sheet sandstone bodies towards more
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channelised geometries within the healed basin is characterised by incision (Figure 2.42; Satterfield
and Behrens 1990). An alternative response to the decrease in accommodation space following
flow stripping is the switching of the sediment routing system away from the healed basin. In this
case the confined basin will be abandoned, resulting in fine- grained, condensed, overbank sedi-
ments being deposited (Sinclair and Tomasso 2002). During flow bypass, the bulk of sediment
deposition will occur downslope of the buried topography, often in a lower basin. This is typically
associated with a reduction in gradient at the base of the intrabasinal high, which leads to rapid
deceleration of turbidity currents, typically resulting in the deposition of amalgamated and de-
watered toe-of-slope deposits (Figure 2.42; Garcia 1994; Sinclair and Tomasso 2002). ‘Blanketing’
of the basin and surrounding topography due to base-level rise is the final stage of confined basin
evolution. Where bypass has occurred by incision, the canyon will become partly or wholly back-
filled by sediment accumulation in the lower basin, and so the local base level for the upper basin
will rise, leading to renewed sediment accumulation. This usually takes the form of meandering
channel-levee complexes with low sandstone-to-mudstone ratios (Figure 2.42; Sinclair and To-
masso 2002).
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Figure 2.42: The fill-spill model, showing vertical stratigraphic evolution of a confined basin sequence generated by episodic nplift
of basin topography (Sinclair and Tomasso 2002). Evolutionary steps 1: ponding, 2: flow stripping 3: flow bypass and 4: blanketing
(described in text).

The fill-spill model is an end member for confined basins, with the other end member being
termed a ‘connected tortuous corridor’ (Smith 2004). In the tortuous corridor model flows are
laterally confined down-dip, but not frontally confined, and follow a ‘tortuous’ topographically-
controlled path down-dip. This style of deposition has since been observed on the modern seatloor
(Bourget et al. 2011), in the subsurface (e.g., Hay and Prather 2012) and at outcrop (e.g., Vinnels
et al. 2010; Pinter et al. 2018; Cumberpatch et al. 2021b). Outcrop observations (Amy et al. 2007)
and numerical modelling (Wang et al. 2017) have shown that, contray to the ‘“fill-spill’ model, con-
fined minibasins often fill retrogradationally with deposition concentrated in the basin centre and
counter slope due to a hydraulic jump as incoming flows decelerate upon impact with the basin
floor.
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2.9 Halokinetic controls on deep-water sedimentary systems

Processes of flow deflection, reflection and ponding of turbidity currents in response to basinal
topography have been widely recognised (e.g., Van Andel and Komar 1969; Pickering and Hiscott
1985; Haughton 1994). Extreme examples of these effects are recorded in the salt-withdrawal min-
ibasins of the Gulf of Mexico (Winker 1996; Prather et al. 1998; Beaubouef and Friedmann 2000)
where, in addition to the effects of flow confinement, abrupt gradient changes at the base-of-slope
strongly influence depositional patterns (Pirmez et al. 2000; Sinclair and Cowie 2003). Flow veloc-
ities of turbidity current can decrease across obstacles (e.g., ramps, diapirs or intra-basinal horsts)
and the flow state may alter to waning and depletive flow (Kneller 1995).

Owing to their importance in hydrocarbon exploration, halokinetically-influenced deep-water sed-
imentary systems have predominantly been studied in subsurface datasets. Such subsurface studies
have shown that salt structures deforming the seafloor can exert substantial control on the loca-
tion, pathway, and architecture of lobe, channel-fill, levee and mass-transport deposits (e.g., Cronin
1995; Rowan and Weimer 1998; Mayall and Stewart 2000; Gee and Gawthorpe 2006; 2007; Mayall
et al. 2006; 2010; Heinio and Davies 2007; Clark and Cartwright 2009; Jones et al. 2012; Wu et al.
2020; Howlett et al. in 2020). When the erosive power of SGF is enough to overcome the rate of
diapiric growth channels, or less commonly lobes, can flow across, but do not erode into, the
growing structure. Examples exist where channels appear to cross active structures such as folds,
salt walls or diapirs and thus behave counterintuitively (Figure 2.43; e.g., Morgan 2004, Saller et al.
2004; Mitchell et al. 2020).

Turbidity currents that were ponded, diverted, deflected and confined by salt structures (Figures
2.43 and 2.44) are well documented in the eastern Mediterranean (e.g., Clark and Cartwright 2009;
2011), offshore Angola (e.g., Gee and Gawthorpe 2006; 2007; Mayall et al. 2006; 2010; Jones et al.
2012; Oluboyo et al. 2014; Doughty-Jones et al. 2017; 2019; Howlett et al. 2020), the Gulf of
Mexico (e.g., Booth et al. 2000; 2003; Winker and Booth 2000; Prather 2003; Giles and Rowan
2012), offshore Brazil (e.g., Rodriguez et al. 2018; in press), the North Sea (e.g., Mannie et al. 2014)
and the Precaspian Basin (e.g., Pichel and Jackson 2020).
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Figure 2.43: Sketch summarising the structural controls, with respect to gravity-driven processes, on depositional systems from the
shelf to basin floor. Note the complex and sinnous paths taken by siope channels around salt structures (Modified from Mayall et
al. 2010; Cumberpatch et al. 2021b).

Salt-induced topography can cause confinement on a variety of scales from depositional element
(e.g., individual lobes, 5" order topography) to entire system (e.g., 2 — 3" order topography). In
many submarine slope systems, turbidite channels commonly have complex routes to traverse salt-
influenced slope topography (Figures 2.43 and 2.44). Salt and shale diapirism (e.g., Motley and
Guerin 1996; Rowan et al. 1999; Hudec and Jackson 2007) can complicate the bathymetric relief
at the seabed. If the rate of growth of the salt structure increases, the deep-water sedimentary
system shifts systematically sideways to avoid rising topography (Mayall et al. 2010; Kane et al.
2012). Growth-fault-related basins, turtle structures, crestal-collapse basins, minibasins on salt can-
oplies, piggyback basins behind folds and thrusts all provide areas where sediments can pond and
stack (Figures 2.43 and 2.44). In a completely enclosed minibasin, once accommodation space is
filled, basins will overspill and depocenters will move seaward, in agreement with the “fill-spill’
model (Prather et al. 1998; Booth et al. 2000; Winker and Booth 2000; Sinclair and Tomasso 2002;
Prather 2003). The pattern of lobe or channel response to induced topography is dictated by the
timing of structural growth, the size, shape and orientation of the structures and the erosional
power of the gravity flows (Mayall et al 2010; Doughty-Jones et al. 2017).

Features forming positive relief such as tilted fault-block crests, rollover anticlines, salt or shale
diapirs, salt walls, folds and thrusts form obstacles to gravity flows and frequently cause channels
to deflect or be diverted over tens of kilometres. Smaller scale structures (4™ order topography)
with a topographic expression of less than 5 km generally just deflect channels locally from their
downslope pathway, whereas larger structures (3! order topography) of tens of kilometers scale
can cause large diversion of channel systems forcing them to travel near parallel to the slope for
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significant distances (Figures 2.43 and 2.44; Mayall et al. 2006; 2010; Oluboyo et al. 2014; Doughty-
Jones et al. 2017; 2019).

Another process that can affect reservoir facies distribution in salt-basins is the shedding of debris
from salt-cored topographic highs. These redeposited sediments may comprise a wide range of
compositions and depositional fabrics. The sediments may be relatively fine grained if they are
reworked by turbidity currents, or they can be composed of much larger blocks if sediment
transport is primarily by sliding or slumping. Source material can be from the roof of the diapir or
from the salt itself if the diapir is exposed. In many cases, diapir-sourced reservoirs are likely to
have poor reservoir quality (Poprawski et al. 2014; 2016; 2021 Jackson and Hudec 2017; Doughty-
Jones et al. 2019; Wu et al. 2020). Such mass transport deposits can also be derived from up-dip
failure of the regional slope, but may be compositionally different (Figure 2.44; Soutter et al. 2018;
Doughty-Jones et al. 2019).
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Figure 2.44: Summary of sedimentary facies distribution and stacking patterns observed in a variety of deep-water halokinetically-
influenced settings (Bonma 1997; DeV ay et al. 2002; Kendall 2012).

Prior to this study the majority of our knowledge of deep-water halokinetically-influenced systems
was from subsurface studies. Below, two of these subsurface case studies are used to document
recent advances in the understanding of halokinetically-influenced deep-water systems; firstly, the
Auger minibasin, Gulf of Mexico and secondly, the Lower Congo and Kwanza Basins, offshore
Angola. Chapters 3, 4 and 5 build on these ideas and concepts using outcrop, modelling and sub-
surface data respectively.

Case study: Auger minibasin, Gulf of Mexico

The Auger minibasin is an intraslope minibasin located in the northern Gulf of Mexico (Booth et
al. 2000; 2003; Winker and Booth 2000; Prather 2003). Sediment pathways, routing and distribu-
tion of the Pliocene reservoir are well known due to numerous discoveries in the basin, including
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the Auger and Macaroni fields. Pliocene sediments were transported into the Auger Basin from
multiple sources (northeast, north, northwest and west) and either deposited within the Auger
minibasin or spilled into the neighbouring Tampa minibasin through a southerly exit point (Figure
2.45). Facies distribution and depositional reservoir quality within the minibasin were strongly in-
fluenced by salt-induced topography, position within the sediment transport system (autocyclic
controls) and changes in sediment supply and basin subsidence (allocyclic controls). The Auger
and Macaroni fields are at different points within the transport system, close to a sediment entry
and exit point respectively and therefore very different depositional characteristics are observed
(Figure 2.45; Booth et al. 2003; Jackson and Hudec 2017).
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Figure 2.45: The distribution of late Pliocene sediments in the Auger minibasin. A-D highlights the evolution of the Auger field
in_four main stages: A) Turbidites are ponded to the northeast of the Anger ridge and on the downthrown side of Anger faul,
trapping the bulk of sand-sized sediment before it can reach the minibasin; B) Sediments spill into the Auger minibasin, depositing
high net-to-gross sheet and lobe deposits in the Aunger field area; C) and D) Erosive channels cut across the Auger field area, incising
many of the previously deposited reservoir sands (Booth et al. 2003; Jackson and Hudec 2017).

Sediments of the Auger Field were deposited on a slope just below the northeastern entry point
(Figure 2.45). The lack of an intraslope salt sill resulted in slow sediment accumulation at the Auger
Field because much of the sediment was deposited further basinward (Winker and Booth 2000).
Sediment was often ponded in updip topographic depressions and turbidity currents at the sedi-
ment entry point were often erosional rather than depositional, furthering the slow accumulation
rates at Auger (Booth et al. 2000). Submarine fan, variably amalgamated channel complexes and
over-bank deposits are all complexly distributed at the Auger Field as a direct result of its location
down-dip of a major salt-cored anticline (Winker and Booth 2000). Erosion of older channel de-
posits by younger channels has a particularly important control on reservoir stacking (Booth et al.
2003).

The Macaroni Field records progressive infilling of salt-induced bathymetry. The southern salt
body originally provided large relief and trapped both LDTs and HDT's (Figure 2.45). Thin sand-
stones are seen to pinch-out towards the edge of the basin and the sequence has an overall low
net-to-gross (Kendrick 2000). Rapid aggradation caused by ponding of gravity flow deposits soon
lowered the apparent height of the salt induced topography and flow stripping of the turbidity
currents trapped HDTs in the Auger minibasin while much of the low-density tail of the turbidite
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was deposited into the neighbouring Tampa minibasin (Dean et al. 2002). This led to a sandstone
dominated succession with sandstones not terminating before minibasin margins. Continued ag-
gradation built the system to a stable, in grade profile which allowed for the formation of incisional
channels and led to the bypass of turbidity currents into the Tampa minibasin. The upper mini-
basin fill at Macaroni is dominated by amalgamated erosional channels and mass transport com-
plexes (Figure 2.46; Booth et al. 2000; 2003).

Sedimentation patterns in the Auger minibasin shows the effects of salt-induced topography on
subsurface energy reservoir deposition. Active minibasin topography can change depositional style
from ponded to bypass, and up-dip salt topography can reduce sediment accumulation in down-
dip intra-slope basins (Kendrick 2000). The difference in reservoir facies distribution between the
Auger and Macaroni fields are largely a function of the different bathymetric settings of the fields,
the geometry of the salt structures and the proximity of sediment input and exit points to the fields,
which partially controls sediment accumulation rate (Figure 2.46; Booth et al. 2000; Winker and
Booth 2000; Dean et al. 2002).
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Figure 2.46: Schematic cross-section of reservoir facies and architectures between salt walls in the Auger minibasin, showing how
salt topography can influence reservoir type and distribution (Booth et al. 2003; Jackson and Hudec 2017).

Case study: Lower Congo and Kwanza Basins, offshore Angola

The Lower Congo and Kwanza basins, offshore Angola, provide excellent opportunities to use
spectral frequency decomposition techniques to study salt-tectonic controls on a deep-water dep-
ositional system that span several millions of years (Mayall et al. 2006; 2010; Oluboyo et al. 2014;
Doughty-Jones et al. 2017;2019; Howlett et al. 2020).

Up to 1 km of Barremian-Aptian aged salt was deposited and halokinesis began in the Albian with
the evolution of large growth faults and continues today with a range of salt-cored structures that
rapidly deform the sea floor (Duval et al. 1992; Valle et al. 2001; Serié et al. 2017). The Miocene
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turbidites are attributed to uplift and westward tilting of the African margin which resulted in
enhanced sediment supply from the ancestral Congo River (Anderson et al. 2000; Jackson et al.
2005; Seranne and Anka 2005).

In the Lower Congo Basin, Oluboyo et al. (2014) show that the importance of structural lows
(segment boundaries) which have the potential to act as spill points, allowing flows to pass from
one intra-slope basin to another (Figure 2.47). Channelised lobes are located down-flow of struc-
tural depressions between diapirs and segment boundaries along salt walls and normal faults (Fig-
ure 2.47). Major sediment transport pathways that pass through structurally complex slope topog-
raphy may repeatedly occupy the same transport routes, resulting in vertical stacking of deep-water
sedimentary systems. Shadow zones (with no coarse siliciclastic deposition) develop in areas that
are either bypassed by channel-levee complexes as a result of diversion or are isolated from sedi-
ment transport pathways by laterally continuous structures (Oluboyo et al. 2014). Longer salt struc-
tures lead to large deflections or diversions and occasional blockages of sediment transport (Mayall
et al. 2006; 2010).

Oluboyo et al. (2014) highlight that incidence angle of the sediment transport direction with re-
spect to strike of the salt structures exhibits a fundamentally important control on deep-water
facies distribution. Where the regional flow direction is at a high angle (left hand side of Figure
2.47) to structural strike, segment boundary-controlled spill points allow sediment transport path-
ways to pass through multiple intraslope basins in a fill and spill manner. Local diversion around
normal faults, diapirs and salt walls is controlled by the length of individual structures and the
location of segment boundaries. Channel-lobe transitions are commonly located at spill points,
with channelised lobes deposited down-flow of segment boundaries, where flows expand and en-
ter depocentres (Oluboyo et al. 2014). Many previous studies have documented global examples
of deep-water facies distributions where transport direction is perpendicular to salt structure strike
(e.g., Sinclair 1994; Prather et al. 1998; Sinclair and Tomasso 2002).

Gravity flow deposit distribution is less well documented in scenarios where regional flow is at a
lower angle to structural strike. Where these conditions occur (right hand side of Figure 2.47) the
dominant style of interaction is confinement, in parallel to the ‘connected tortuous corridotr’ of
Smith (2004). Depositional systems tend to develop axially along intraslope basins. Long-distance
confinement is aided by the presence of elongate salt walls or linked normal fault zones that do
not have well-developed segment boundaries. These structural settings also promote the develop-
ment of large and long-lived shadow zones in areas where intraslope basins are structurally isolated
from the main sediment transport pathways (Oluboyo et al. 2014).
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Figure 2.47: Summary of the relationships between deep-water depositional systems and salt-related structures in the Lower Congo
Basin. A) Early phase of tectono-sedimentary development with highly segmented salt-related structures, note the control of incidence

angle on sediment dispersal. B) Later phase of tectono-sedimentary development when salt-related structures have localised and linked
to form more laterally continnous salt walls and elongate intra-siope basins (Oluboyo et al. 2014).
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In the Kwanza Basin, Howlett et al. (2020) used advanced attribute mapping to document depo-
sitional evolution in response to topography through a 6 Myr interval of the Upper Miocene (e.g.,
Figure 2.48). They showed that initially, high-relief salt-cored structures confine deep-water sys-
tems to the up-dip minibasins through large-scale diversion of transverse-to-structure channel
complexes, with segment boundaries localising sediment transport pathways between adjacent
minibasins. Major salt-cored structures control the location of channel-lobe transition zones to
immediately down-dip of segment boundaries, chokepoints and structural gradient changes across
salt wall crests. The youngest units only display subtle structural topography and the expression of
the salt-cored structures diminishes with time. Low-relief structures still influence turbidite systems
through small-scale diversion and by controlling the location of avulsion above remnant structural
highs (Howlett et al. 2020). Gradual channel diversion through lateral migration is observed during
times of relatively high structural growth rate, whilst abrupt channel movement via avulsion nodes
is documented during times of relatively high sediment accumulation rate (Figure 2.49; Mayall and
Stewart 2000; Gee and Gawthorpe 2006; 2007; Clark and Cartwright 2009; 2011; Mayall et al. 20006;
2010; Jones et al. 2012; Hay 2012; Anderson et al. 2012; Oluboyo et al. 2014; Doughty-Jones et al.
2017; 2019; Howlett et al. 2020). Observations from the Kwanza Basin highlight complications
due to strong local structural gradients and the varying angle of incidence between the deep-water
system and structural strike, in agreement with observations from the Lower Congo Basin (Olu-
boyo et al. 2014). This drastically impacts the degree of blocking and diversion, as well as the
tendency of sediment routing systems to be orientated transverse or axial to structure (Mayall et
al. 20006; 2010; Jones et al. 2012; Doughty-Jones et al. 2017; 2019).
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Figure 2.48: Example of a detailed spectral decomposition analysis used to interpret the seismic geomorphology of unit 4. A)
Highlights the main salt structures and minibasins. B) Interpretation showing the main submarine channels and lobes. Active/ pos-
itive topographic relief of salt structures is displayed in solid grey and the inactive/ negligible topographic relief is outlined with dashed
lines. Major sediment input pathways are marked with green arrows. Figure 12 and 13 of Howlett et al. (2020) are highlighted.
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Figure 2.49: Summary graph of the major observed influences of salt-cored structures on deep-water sedimentary systems (Howlett
et al. 2020). The x-axis varies sediment accummlation rate and structural growth rate relative to each other. The y-axis is separated
into different depositional elements, from proximal to distal. Each sketch box contains selected subsurface examples. 1) Oluboyo et
al. 2014; 2) Mayall et al. 2010; 3) Gee and Gawthorpe 2006, 4) Clark and Cartwright 2009, 2011; 5) Hay 2012; 6)
Doughty-Jones et al. 2017; 7) Anderson et al. 2012.

Howlett et al. (2020) use the results from Kwanza, alongside observations in other salt-influenced
margins globally, to develop a generic model for the tectono-sedimentary response of deep-water
systems in contractional salt domains in terms of: initiation, maturity and decay (Fugure 2.50). The
initiation stage is characterised by low-relief, segmented salt-cored structures and poorly defined
minibasins, allowing channel complexes to largely follow the regional margin gradient with mini-
mal diversions or ponding of unconfined flows (Fugure 2.50). The maturity stage is characterised
by elongate, high-relief salt-cored highs expressed as folds on the sea-floor, leading to large-scale
axial diversion of channel complexes along structural strike and funnelling of depositional systems
through segment boundaries and chokepoints. Diapirically-derived MTDs from local fold flanks
and ponded channel-lobe systems are commonly deposited in well-developed minibasins (Figures
2.48 and 2.50). During the decay stage, structural relief is gradually subdued as sediment accumu-
lation begins to outpace structural growth. This leads to a more complicated array of depositional
elements, the evolution of which is still influenced by bypass, diversion and ponding. During the
decay stage, remnant structures still exert a subtle but key control on the development and posi-
tioning of avulsion nodes within deep-water depositional environments (Figures 2.48, 2.49 and
2.50).
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develgped from the Miocene stratigraphy of the Kwanza Basin A) Initiation or development stage, largely controlled by the regional
margin gradient and consisting of low-relief, segmented salt-cored structures. B) Maturity stage, comprised of linked, high relief salt-
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relief relative to sedimentation rate (Howlett et al. 2020).
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2.10 Subsurface Energy Implications

Historically, salt has played an important role in petroleum exploration since the Spindletop Dome
discovery in Beaumont, Texas in 1906. Today, much of the prime interest in salt tectonics still
derives from the petroleum industry because many of the world’s largest hydrocarbon provinces
reside in salt-related sedimentary basins (e.g., Gulf of Mexico, North Sea, Campos Basin, Lower
Congo Basin, Santos Basin and Zagros; Figure 2.3). An understanding of salt and how it influences
tectonics and sedimentation are therefore critical to effective and efficient petroleum exploration
and development because salt influences all components of the hydrocarbon play (Figure 2.51;
Archer et al. 2012; Jackson and Hudec 2017). Salt may also offer trap and seal potential for carbon
storage projects (Archer et al. 2012; Maia da Costa et al. 2018; Roelofse et al. 2019; Lloyd et al.
2021), potential storage sites for nuclear waste (Bonin 2010; Archer et al. 2012) and areas of en-
hanced heat flow suitable for geothermal exploration (Harms 2015; Daniilidis and Herber 2017;
Andrews et al. 2020).

Antichinal
trap

Salt-flank
trap

Figure 2.51: Schematic showing elements of the petroleum system which are influenced by salt presence or bhalokinesis (Jackson and
Hudec 2017).

The relative timing of salt movement and its impact on all components of the hydrocarbon system
often governs the prospectivity of salt basins. Halokinesis controls syn- and post-kinematic sedi-
ment dispersal patterns and thus reservoir distribution (Figures 2.47, 2.48, 2.50 and 2.51). The
interaction between sedimentation, salt growth and structuration are also important in understand-
ing and predicting different types of traps. A variety of structural, stratigraphic and combined
trapping mechanisms are recognised in salt basins (Figure 2.52; Jackson and Hudec 2017). Salt also
provides an effective top and side seal to hydrocarbon prospects as well as carbon and hydrogen
storage accumulations, acting to seal fluid migrations (Figure 2.51). In geothermal systems, as well
as for source rocks in hydrocarbon systems, salt may dramatically affect the thermal evolution of
sediment due to its high thermal conductivity (Figure 2.51). A thick layer of salt cools sediments
that lie below it while heating sediments above it; this helps to provide favourable conditions for
source rock maturation beneath thick sedimentary overburdens in the deep-water Gulf of Mexico
and offshore Brazil (Jackson and Hudec 2017).
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Figure 2.52: Subsurface energy traps that may be expected to form in halokinetically-influenced basins. Not specific to deep-water
environments. Note the difference in trap geometry between siliciclastic and carbonate systems (Jackson and Hudec 2017).

Being able to delineate the salt-sediment interface is essential for subsurface energy exploration
and production but often difficult in subsurface data alone because of the well-known “shadow-
ing” effect of salt, especially if the diapirs have developed overhangs (Jones and Davison 2014).
Seismic imaging of diapir flank reservoirs is poor due to a combination of steeply-dipping beds,
intensely-fractured strata, extreme stratigraphic thickness variations, overlying gas clouds and poor
velocity control (Davison et al. 2000). The combined evolution of salt and surrounding sediments,
including their mutual interaction, remains one of the major problems in understanding salt-dom-
inated basins (Figure 2.53; Lerche and Petersen 1995; Jackson and Hudec 2017). Seismic data alone
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cannot indicate the exact location of reservoir sandstone terminations against topography, and
therefore incorporation of well data and other data sets (e.g., outcrop, modelling) is imperative to
properly characterise stratigraphic pinch-outs adjacent to salt structures (Jones and Davison 2014;
Nagatomo and Archer 2015; Jackson and Hudec 2017).

The variable distribution of depositional facies also impacts potential seal against salt or steep
welds since some of the sandstones will be in contact with the salt/weld and others will be encased
in shales some distance away. In CHS, Giles and Rowan (2012) suggest sandstones at lower
(deeper) levels in tapered (stacked wedges) will be steep-overturned such that pressures might be
high and only a small, local column will be contained (Figures 2.30, 2.31, 2.32 and 2.33). Sandstones
in upper levels of tapered CHS might have lower pressure, due to shallower nature, allowing for
the build-up of larger hydrocarbon column height and greater lateral extent (Giles and Rowan
2012).

Reservoir geometries might impact which sandstones are hydrocarbon charged: if migration is only
along the salt-sediment interface reservoirs isolated away from the diapir flanks (e.g., channels and
lobes confined between two structures) may remain water wet (Giles and Rowan 2012). If hydro-
carbons migrate towards the diapir from elsewhere (e.g., more basinal positions) these diapirically
isolated sandstones may be hydrocarbon charged and therefore make the best hydrocarbon targets,
especially where these channels or lobes are well-stacked due to confinement between the diapirs
(Figure 2.53; Giles and Rowan 2012; Jackson and Hudec 2017).
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Figure 2.53: Seismic reflection cross-section _from the Pierce diapirs, Eastern Central Graben, UK North Sea, highlighting some of the key questions and uncertainties of subsurface interpretations in
salt-influenced basins. Confidently mapping top salt, visnalising pinch-outs and onlap geometries in areas of lower-quality data adjacent to the salt, and studying lateral and vertical extent of syn-kinematic
deformation and sedimentation are challenging. Seismic data courtesy of PGS (MegaSurvey Plus 3D seismic data). Drape fold model (modified from Giles and Lawton 2002) shows the importance of
understanding diapir onlaps for reservoir quality prediction and hydrocarbon saturation estimations. Shading schematically indicates reservoir quality, yellow indicating good reservoir quality and brown
showing reservoir deterioration. Core sticks A-E are representative of halokinetically-influenced stratigraphy on the diapirs flanks of the Pierce Diapirs. Core images publically available from the British
Geological Survey.
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Flows transforming from HDT's at the base of slope to LDTs, transitional flow deposits or laminar
flow deposits upslope, generally decrease in reservoir quality (Figure 2.53). Therefore, reservoir
quality typically deteriorates, mudstone percentage increases and bed thickness decreases as the
diapir is approached (Figure 2.53; Nagatomo and Archer 2015; Porten et al. 2016; Bell et al. 2018b).
Porosity, permeability and cementation have been studied for deposits of different SGF (Figure
2.54; Porten et al. 2016; Bell et al. 2018b). Porosity is greater in HDTs compared to LDTs and
hybrid beds (Figure 2.54). Permeability trends show that consistently, regardless of depth, HDTs
have the highest permeability, followed by LDTs and then hybrid beds (Figure 2.54). Quartz ce-
mentation is most abundant in LDTs followed by HDTs, and hybrid beds are less cemented (Por-
ten et al. 2016).

Within a deep-water sedimentary system, a sharp decrease in depositional reservoir quality between
the lobe off-axis and lobe fringe occurs due to: 1) an abrupt increase in matrix content; 2) an abrupt
decrease in sandstone amalgamation; and 3) a decrease in grain-size (Figures 2.53 and 2.54; Porten
et al. 2016). There is also a sharp decrease in depositional reservoir quality between channel axis
and channel margin due to: 1) a decrease in total sandstone thickness and amalgamation; 2) a

decrease in grain-size; and 3) an increase in matrix content (Bell et al. 2018b).
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Figure 2.54: Conceptual model illustrating porosity, permeability and quartz-cement development with burial for HDTs (yellow),
hybrid beds (green) and 1D Ts (brown). The dashed line represents typical previously published depth trends for reservoir sandstones
(e.g., Bjorlykke et al. 1998; Ebrenberg 1990; Ramm 2000). 1 ariability in evolution of reservoir properties with burial is controlled
by depositional character (especially grain size, sorting, detrital-clay content and proportion of ductile grains) and guartz, cementation

(function of temperature bistory, quarty grain volume, grain sige and degree of quartz, grain coating by clays etc.) (Porten et al.
2016,).

2.11 Summary

Understanding of halokinetically-influenced deep-water systems has advanced substantially since
Menard (1955) first proposed the idea that the basin floor was sub-divided into confined pockets
or ‘minibasins’. This has mainly been driven by an increase in subsurface data quantity and quality,
reflecting the commercial interest in salt-basins from the hydrocarbon industry (Jackson and
Hudec 2017). Outcrop, numerical modelling and integrated studies of halokinetically-influenced
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deep-water settings remain rare and therefore the evolution, controlling variables and sub-seismic
scale heterogeneities of these systems remain poorly understood. This chapter has introduced the
key aspects of deep-water depositional systems, salt tectonics and the interactions of the two,
which provides a foundation of historic understanding and recent advancements, on which sub-
sequent chapters build.
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3.1 Abstract

Behaviour of sediment gravity flows can be influenced by seafloor topography associated with salt
structures; this can modify the depositional architecture of deep-water sedimentary systems. Typ-
ically, salt-influenced deep-water successions are poorly imaged in seismic reflection data, and ex-
humed systems are rare, hence the detailed sedimentology and stratigraphic architecture of these
systems remains pootly understood. The exhumed Triassic (Keuper) Bakio and Guernica salt bod-
ies in the Basque—Cantabrian Basin, Spain, were active during deep-water sedimentation. The salt
diapirs grew reactively, then passively, during the Aptian—Albian, and are flanked by deep-water
carbonate (Aptian—earliest Albian Urgonian Group) and siliciclastic (middle Albian— Cenomanian
Black Flysch Group) successions. The study compares the depositional systems in two salt-influ-
enced minibasins, confined (Sollube basin) and partially confined (Jata basin) by actively growing
salt diapirs, comparable to salt-influenced minibasins in the subsurface. The presence of a well-
exposed halokinetic sequence, with progressive rotation of bedding, beds that pinch out towards
topography, soft-sediment deformation, variable paleocurrents, and intercalated debrites indicate
that salt grew during deposition. Overall, the Black Flysch Group coarsens and thickens upwards
in response to regional axial progradation, which is modulated by laterally derived debrites from
halokinetic slopes. The variation in type and number of debrites in the Sollube and Jata basins
indicates that the basins had different tectonostratigraphic histories despite their proximity. In the
Sollube basin, the routing systems were confined between the two salt structures, eventually de-
positing amalgamated sandstones in the basin axis. Different facies and architectures are observed
in the Jata basin due to partial confinement. Exposed minibasins are individualised, and facies vary
both spatially and temporally in agreement with observations from subsurface salt-influenced ba-
sins. Salt-related, active topography and the degree of confinement are shown to be important
modifiers of depositional systems, resulting in facies variability, remobilisation of deposits, and
channelisation of flows. The findings are directly applicable to the exploration and development
of subsurface energy reservoirs in salt basins globally, enabling better prediction of depositional
architecture in areas where seismic imaging is challenging.

3.2 Introduction

The sedimentology and stratigraphic architecture of deep-water systems deposited in unconfined
basins (e.g., Johnson et al. 2001; Baas 2004; Hodgson 2009; Prélat et al. 2009; Hodgson et al. 2011;
Spychala et al. 2017), or in basins with static or relatively static topography (e.g., Kneller et al. 1991;
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Haughton 1994; McCaffrey and Kneller 2001; Sinclair and Tomasso 2002; Amy et al. 2004; Soutter
et al. 2019), are reasonably well established compared to those in basins influenced by active to-
pography (e.g., Hodgson and Haughton 2004; Cullen et al. 2019).

Seafloor topography is generated by a variety of geological processes, including relief above mass-
transport deposits (MTDs) (e.g., Ortiz-Karpf et al. 2015; 2016; Soutter et al. 2018; Cumberpatch
et al. 2021), syn-depositional tectonic deformation (e.g., Hodgson and Haughton 2004; Kane et al.
2010) and salt diapirism (Figure 3.1; e.g., Hodgson et al. 1992; Kane et al. 2012; Prather et al. 2012;
Oluboyo et al. 2014). Salt-tectonic deformation influences over 120 basins globally (Hudec and
Jackson 2007), including some of the world’s largest petroleum-producing provinces (e.g., Booth
et al. 2003; Oluboyo et al. 2014; Charles and Ryzhikov 2015; Rodriguez et al. 2018; 2020; Grant et
al. 2019; 2020a; 2020b; Pichel et al. 2020).

Subsurface studies have shown that salt structures deforming the seafloor can exert substantial
control on the location, pathway, and architecture of lobe, channel-fill, levee, and mass-transport
deposits (Figure 3.1; e.g., Mayall et al. 2006; 2010; Jones et al. 2012; Wu et al. 2020; Howlett et al.
2020). Turbidity currents that were ponded, diverted, deflected, and confined by salt structures
(Figure 3.1) are well documented in the eastern Mediterranean (e.g., Clark and Cartwright 2009;
2011), oftshore Angola (e.g., Gee and Gawthorpe 2000, 2007), the Gulf of Mexico (e.g., Booth et
al. 2003) offshore Brazil (e.g., Rodriguez et al. 2018; 2020), the North Sea (e.g., Mannie et al. 2014),
and the Precaspian Basin (e.g., Pichel and Jackson 2020). Successions of genetically related growth
strata influenced by near-surface diapiric or extrusive salt form unconformity-bounded packages
of thinned and folded strata termed halokinetic sequences, which become composite when stacked
(Giles and Rowan 2012; Rowan and Giles 2021). The geometry and stacking of composite se-
quences are dependent on the interplay between sediment accumulation rate and diapir rise rate.
Giles and Rowan (2012) recognise two end-member stacking patterns; tapered (stacked wedge) or
tabular (stacked hook).

Typically, salt-influenced successions are poorly imaged in seismic reflection data due to ray path
distortion at the salt—sediment interface, steep stratigraphic dips, and deformation associated with
salt rise (Davison et al. 2000; Jones and Davison 2014). Due to these complications, our undet-
standing of subsurface salt-influenced systems benefits from their calibration to outcrop analogues
(Lerche and Petersen 1995). Exposed examples are rare, largely due to dissolution of associated
halites (Jackson and Hudec 2017). Exhumed systems typically contain shallow-marine (e.g., Lau-
don 1975; Giles and Lawton 2002; Giles and Rowan 2012) or nonmarine (e.g., Banham and
Mountney 2013a, 2013b, 2014; Ribes et al. 2015) strata. The Bakio diapir in the Basque—Cantabrian
Basin (BCB), northern Spain, provides a rare exhumed example of deep-water strata deposited in
a syn-halokinetic setting (Figures 3.2 and 3.3; Lotze 1953; Robles et al. 1988; Rowan et al. 2012;
Ferrer et al. 2014). The overburden displays well-exposed, unconformity-bounded sedimentary
wedges that thin towards and upturn against the diapir, supporting the interpretation of syn-halo-
kinetic growth strata (Poprawski et al. 2014; 2016).

Previous studies in the area have focused on carbonate halokinetic sequences in the middle Albian
overburden (Poprawski et al. 2014, 2016), hence the salt-influenced deep-water succession remains
poorly understood. This study aims to use large-scale outcrops exposed along the Bakio—Guernica
coastline to study the bed-scale flow-topography interactions, deep-water facies distribution, and
depositional architecture in salt-controlled minibasins. The objectives of this study are to: 1) reap-
praise the stratigraphy of the study area using specific deep-water sub-environments; 2) document
lateral and vertical changes in deep-water facies and architecture with variable amounts of salt-
induced confinement; 3) document the evolution of coeval deep-water axial and debrite-rich lateral
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depositional systems; and 4) distinguish criteria for the recognition of halokinetically-influenced
deep-water systems.
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Figure 3.1: Sketch summarising the structural controls, with respect to gravity-driven processes, on depositional systems from the
shelf to basin floor. Note the complex and sinnous paths taken by siope channels aronnd salt structures (Modified from Mayall et
al. 2010).

3.3 Geological setting

Evolution of the Basque-Cantabrian Basin (BCB)

The BCB is a peri-cratonic rift basin in northern Spain, inverted during the Campanian—Eocene
western Pyrenean Orogeny (Figure 3.2; Gomez et al. 2002; Ferrer et al. 2008). The basin is located
between the Iberian and Eurasian plates and is associated with hyper-extensive rifting and mantle
exhumation during the opening of the North Atlantic and the Bay of Biscay (Van der Voo 1969;
Brunet 1994; Jammes et al. 2009; DeFelipe et al. 2017; Teixell et al. 2018). The BCB is a magma-
poor hyper-extended rift with extremely thin crust and locally exhumed mantle (Jammes et al.
2009; Teixell et al. 2018). The stratigraphy of the BCB is mainly of Mesozoic to Cenozoic age,
sourced from a punctuated rift system that existed from Permian—Triassic to Late Cretaceous times
(Camara 2017).

The Mesozoic evolution of the BCB began with the development of a rift system in the Permian—
Triassic. During the Carnian—Norian, a thick sequence of mudstones, sabkha evaporites and car-
bonates accumulated in an arid, restricted environment (Keuper Group: Geluk et al. 2018). The
Keuper Group in the BCB varies in thickness from 10 to <3000 m (Pinto et al. 2005) with in-
creased thickness associated with zones of intense diapirism (Camara 2017). The Jurassic to Early
Cretaceous was characterised by limited subsidence and shallow-water and terrestrial deposition
(Martin- Chivelet et al. 2002; Garcia-Mondéjar et al. 2004). Extensional thin-skinned tectonics,
controlled by basement faulting, in the Early Cretaceous initiated reactive diapirism across the
basin (Bodego and Agirrezabala 2013; Agirrezabala and Dinarés-Turell 2013; Teixell et al. 2018).
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As rifting continued, the Lower Cretaceous succession preferentially accumulated over down-
thrown blocks, forming a differential load that triggered a transition into passive diapirism
(Agirrezabala and Garcfa-Mondéjar 1989; Agirrezabala and Lopez-Horgue 2017). During the
Barremian—Albian the flanking minibasins were filled with c. 500 m of mixed carbonates and si-
liciclastics (Garcfa-Mondéjar 1990; 1996). Aptian—middle Albian shallow-water carbonate plat-
forms of Urgonian limestone (Garcia- Mondéjar et al. 2004) formed on the footwalls of tilted
normal-fault blocks; these limestones pass abruptly into deeper-water matlstones and mudstones
deposited in hanging-wall depocenters (Rosales and Pérez- Garcia 2010). The Urgonian platforms
of the BCB evolved in four major stages of platform development: carbonate ramp (early Aptian),
distally-steeped ramp (late Aptian), progradational-aggradational steep-sloping platform (eatliest
Albian) and carbonate bank (mid-late Albian). These stacked major platform intervals are separated
by unconformities that represent platform exposure and karstification (Type 1 sequence bounda-
ries) and/or drowning and/or increased terrestrially derived siliciclastic influx (Garcia-Mondéjar
1990; Fernandez-Mendiola et al. 1993; Rosales 1999; Gomez-Pérez et al. 1999; Rosales and Pérez-
Garcia 2010).

From the late Albian to the early Cenomanian, subsidence combined with early Albian global sea-
level rise (Vail et al. 1977; Haq et al. 1987; Robles et al. 1988; Haq 2014) was concurrent with the
development of siliciclastic turbidites and redeposited carbonates of the Black Flysch Group
(BFG), which are the focus of this study. Pillow-lavas and submarine volcaniclastic deposits, re-
lated to seafloor spreading in the Bay of Biscay, are intercalated in the upper part of the Black
Flysch Group in some locations across the BCB allowing for a paleontologically constrained late
middle Albian age ((c. 102 Ma representing the base of the Hysteroceras varicosum Zone (Castafiares
et al. 2001; Castafiares and Robles 2004; Lopez-Horgue et al. 2009)).

As rifting waned, passive diapirs continued to grow at the paleo-seafloor due to minibasin subsid-
ence (Zamora et al. 2017). During the Late Cretaceous to the early Paleogene, subsidence contin-
ued and calci-turbidites and basin wide mudstones were deposited (Mathey 1987; Pujalte et al.
1994; 1998). Lower Palacocene to Eocene stratigraphy records a gradual transition from mainly
calcareous to siliciclastic deposition, with an increase in deposition of siliciclastic turbidites. This
change is associated with erosion of the emerging Pyrenean Mountain belt (Crimes 1973; Pujalte
et al. 1998). Pyrenecan NE-SW-oriented compression in Eocene to Oligocene times reactivated
Mesozoic—Cenozoic normal faults (Abalos 2016) and squeezed pre-existing diapirs (Pujalte et al.

1998).

Diapirs in the BCB

The Triassic Keuper Group outcrops in several diapirs across the Basque Cantabrian Basin; some
of these diapirs have been documented for over 70 years (Lotze 1953). The Estella-Lizarra, Salinas
de Oro, Gulina and Mena diapirs (Garcia-Mondéjar 1996), Pondra and Laredo Bay diapirs (Lépez-
Horgue et al. 2009), Guernica Diapir (Garcia-Mondéjar and Robador 1987) and Bakio Diapir
(Poprawski et al. 2014; 2016) were growing during the Albian, due to regional extension and sub-
sequent subsidence. Several of these diapirs are located at the intersection between major Hercyn-
ian Basement faults (Garcia-Mondéjar 1990), reactivated during the opening of the BCB. Basement
faulting controlled the distribution of halokinetic structures during middle-late Albian times (Bo-
dego and Agirrezabala 2013). The diapirs of Bakio, Guernica and Lequeitio were at or close to the
seabed during the middle Albian creating highs which were capped by isolated Urgonian carbonate
platforms (Camara 2017).

The Bakio diapir is a NE-SW-trending (c. 1 km by 4 km) salt wall of Keuper Group evaporites.

Partial exposure of the salt wall occurs at Bakio beach; in other locations the evaporites are easily
eroded, typically marked by topographic depressions and/or coastal embayments (e.g., Figure
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3.3A; the Guernica structure, located c. 9 km to the east). At Bakio beach, the Keuper Group
consists of red clays, gypsum, and carbonate, with Triassic- age tholeiitic ophitic inclusions (see
Robles et al. 1988; Poprawski et al. 2014). From the middle Albian, the Bakio diapir grew rapidly
and reactively in response to regional hyper-extension (Teixell et al. 2018). The diapir then grew
passively during the late Albian due to sediment loading, at around 500 m Myt (Poprawski et al.
2014).

The Guernica structure is pootly understood due to limited exposure, and hence is referred to as
a “salt structure” rather than a salt diapir like Bakio. The Guernica structure has previously been
interpreted as a salt-cored anticline (Poprawski and Basile 2018). Vintage onshore seismic reflec-
tion data suggest that the basal salt layer is present at depth connecting the Bakio and Guernica
structures (Figure 3.4; Robles et al. 1988; Poprawski and Basile 2018). The structures were close
to the seafloor during the middle Albian creating highs that were capped by isolated carbonate
platforms and influenced the deposition of the BFG (Vicente Bravo and Robles 1991a, 1991b;
Pujalte et al. 1986; Camara 2017; Roca et al. 2021). Slope apron facies, deposited at the platform
edge, and subsequent stratigraphy formed tapered halokinetic sequences against the west of the
Bakio diapir (Figure 3.4; Garcia-Mondéjar and Robador 1987; Soto et al. 2017; Roca et al. 2021).
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Figure 3.2:Simplified geological map, stratigraphy, and cross-section of the Basque—Cantabrian Basin (BCB), highlighting nu-
merons present-day surface exposures of NE— SW-oriented diapirs (including the Bakio diapir, the focus of this study), commonly
flanked by Cretaceons strata. The inset map shows the location of the BCB in northern Spain. Line A—A’ locates cross section and
line B=B’ locates Fignre 3.4. Black box locates Fignre 3.3. Stratigraphy indicates mega sequences that can be used to group basin
Jill (after Abalos2016). Cross section is modified from Poprawski et al. (2016).

Bakio Stratigraphy

Studies of magnetic anisotropy in the Bakio—Guernica area demonstrate a minimal Pyrenean com-
pressional overprint to the stratigraphy (Soto et al. 2017), as the tholeiitic ophitic inclusions in the
diapir acted as buttresses forming shadow areas protected from the compression. Hence the area
is used to study syn-halokinetic deposition without a regional tectonic-deformation overprint.
The Aptian—middle Albian Urgonian stratigraphy (middle Albian Sequence 2: H. dentatus Zone of
Agirrezabala and Lopez-Horgue 2017) comprises the Gaztelugatxe, Bakio Marls, and Bakio Brec-
cias formations (Figure 3.3B). The Gaztelugatxe Formation (GZF) is a massive-brecciated lime-
stone, interpreted as a karstified platform carbonate (Garcia-Mondéjar and Robador 1987; Robles
et al. 1988). The Bakio Marls Formation (BMF) (minimum 60 m thick: Poprawski et al. 2016)
comprises thin-bedded calci-debrites deposited in a low-energy mud-dominated environment in-
termittently punctuated by catastrophic debris flows sourced from local, carbonate-capped highs
(Garcia-Mondéjar and Robador 1987; Poprawski et al. 2014). The Bakio Breccias Formation (BBF)
is up to 550 m thick and unconformably ovetrlies the BMF (Figures 3.3B and 3.4; Table 3.1). The
BBF is primarily composed of pootly sorted, carbonate breccia beds tens of metres thick (Table
3.1; Garcia-Mondeéjar and Robador 1987; Poprawski et al. 2014;20106) that are interpreted as ear-
liest middle Albian mass failures from carbonate platforms developed on top of salt structures
(Poprawski et al. 2014). The abrupt change from carbonate-dominated to siliciclastic-dominated
stratigraphy is associated with a middle Albian hiatus (Lépez-Horgue et al. 2009).

The Urgonian section is overlain by the upper Albian—early Cenomanian BFG, which has been
subdivided into a lower and upper unit (Figure 3.3B). The Lower Black Flysch Group (LBF) cor-
responds to the upper Albian Sequence 3 (D. eristatum—M. inflatum zones; Agirrezabala and Lopez-
Horgue 2017), including the Sollube, Punta de Bakio, and Jata units (Poprawski et al. 2014). This
group consists of thin-bedded siliciclastic turbidites, marls, and debrites, and is interpreted to rep-
resent a submarine fan system (Robles et al. 1988; Vincente Bravo and Robles 1991; 1995;
Poprawski et al. 2014; Roca et al. 2021). The Upper Black Flysch Group (UBF) corresponds to
the upper Albian—Cenomanian Sequence 4 (M. fallax zone; Agirrezabala and Lopez-Horgue 2017),
and the Cabo Matxitxako unit of Poprawski et al. (2014), which consists of thick-bedded, coarse-
grained, siliciclastic turbidites deposited in a submarine fan system (Robles et al. 1988; 1989). Prov-
enance studies indicate that BFG sediment was sourced from the northerly Landes Massif, of the
Amorcian Platform, a c¢. 100 km by 40 km granitic basement block, presently located c. 10 km
offshore in the Bay of Biscay (Figure 3.2; Garcia-Mondéjar 1996; Puelles et al. 2014).

107



Q

43°25'N

Bakio Diapir

Aketxe Island
Gaztelugatxe Island

o

ol

/ Q‘ o33

. Matxitxako

3 North Beach

South Beach

108

2°50° W 2°45°' W 2°40' W
5 km N Key
Structures
Thrust
~—— Normal fault

Pre Albian anticline

Pre Albian syncline

“ Average paleocurrent “ Cabo Post Albian anticline

Post Albian syncline

Boundaries

— — - Gradational

Contact

= Unconformable contact
—?— Extent unknown
Measurements

A% Strike and dip

P Slump direction

-> Paleocurrent direction

—— Log locations
(Subsequent figures located)

N3 Izgro Island

Guernica Structure

Stratigraphy
AN

Upper

Early
Late Albian Cenomanian Cretaceous

Middle Albian

-
| 4
T
3
-

URGONIAN GROUP BLACKFLYSCH GROUP

Valanginian Aptian  Early

Jurassic -Barremian Albian Albian

Triassic

Quaternary

Limestones, sandstones,and
mudstones

Upper Black Flysch (UBF) Group
[Cabo Matxitxako unit]

Lower Black Flysch (LBF) Group
[Jata, Punta de Bakio and Sollube
units]

Middle Albian hiatus

Bakio Breccia (BB)

Bakio Marls (BM)

Gaztelugatxe (Gx.) Formation

Shallow -water limestone and
sandstones

Keuper Group gypsum, clay, and
carbonates with mafic intrusions



Figure 3.3: A) Geological map located in Figure 3.2 and B) stratigraphic column for the study area. A) Compiled from Espejo and
Pastor (1973), Espejo (1973), Garrote-Ruiz et al. (1991, 1992, 1993a, 1993b), Pujalte et al. (1986), Garcita-Mondéjar and Robador
(1987), Robles et al. (1988; 1989), Vicente Bravo and Robies (1991a,1991b), Poprawski et al. (2014; 2016), Abalos (2016), and
[freldwork observations. Lateral facies changes in carbonates aronnd the salt ontcrop at Guernica are modified from Garcia-Mondégar and
Robador (1987). The Guernica structure has been weathered away and forms a present-day estuary. Orange lines show locations of
stratigraphic logs shown in subsequent figures, dashed lines indicate missing section, and numbers refer to subsequent fignres where logs are
presented. B) Abbreviations for stratigraphic units are shown in () and formation names of Poprawski et al. (2014, 2016), where they
differ from those used in this study, are shown in [ ]. Numbers adjacent to the stratigraphy refer to regional sequences of Agirrezabala and
Lépez-Horgue (2017), based on biostratigraphy. Line of section is shown for Figure 3.4; for full extent see Figure 3.2.
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section combines Poprawski and Basile (2018), Robles et al. (1988), field observations, and publicly available vintage onshore seismic lines from IGME. Facies are indicated where known or inferred
from the literature but are left blank where they cannot be inferred. Two times vertical exaggeration for clarity.
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3.4 Methods and data

The dataset comprises 28 sedimentary logs (totalling 821 m of stratigraphy) collected along the
Bakio—Guernica coastline. The logs were collected at a 1:25 scale, with 1:10 scale used locally to
capture additional detail. Halokinesis during BFG deposition (Garcia-Mondéjar 1996; Poprawski
et al. 2014; 2016; Roca et al. 2021) generated syn-depositional basin-floor relief and led to the
development of multiple discrete depocenters (Vicente Bravo and Robles 1991a; 1991b; 1995;
Agirrezabala 1996). As such, correlating stratal surfaces in and between depocenters is difficult and
un-crewed-aerial-vehicle (UAV) photography was used to aid stratigraphic correlations (Hodgetts
2013). Paleocurrent, bedding, and structural data were collected in the field to determine the influ-
ence of syn-depositional basin-floor relief and to quality-control the pre-existing geological map
of Poprawski et al. (2014; 2016). Paleocurrent readings were taken where sedimentary structures
were clear enough to permit unambiguous data collection. Sparse biostratigraphic data
(Agirrezabala and Lopez-Horgue 2017) hinders correlation across the structures; hence we refer
to the Lower (LBF) and Upper (UBF) Black Flysch group only, to avoid further subdivisions based
on geographic location (e.g., Robles et al. 1988; Vincente-Bravo and Robles 1991a, 1991b, 1995;
Poprawski et al. 2014).

Basin subdivision

To aid comparison, the study area has been divided into two depocenters: the Jata and Sollube
basins (Figures 3.3 and 3.4). These are analogous to subsurface minibasins, defined as relatively
small (5-30 km) syn-kinematic depocenters subsiding into thick salt (Hudec and Jackson 2007,
Jackson and Hudec 2017). The Jata basin is confined to the east by the Bakio diapir. The Sollube
basin is confined on both its western and eastern sides by the Bakio and Guernica structures,
respectively (Figure 3.3), and hence is more confined than the Jata basin.

3.5 Lithofacies

This study focuses primarily on the facies variability in the siliciclastic BFG. A description and
discussion of the carbonate facies of the BMF and BBF is provided in Poprawski et al. (2016).
Here, the carbonate facies are tabulated for reference in Figure 3.5 and Table 3.1, where their
depositional process are interpreted. The BFG lithofacies presented in Table 3.2 and in Figure 3.6
represent “event beds” and are classified based on outcrop observations. “Mud” is used here as a
general term, for mixtures of clay, silt, and organic fragments. Where individual facies are hetero-
geneous, multiple photographs are shown to illustrate this lithological and sedimentological varia-

bility (Figure 3.6).

Table 3.1: Table of carbonate facies detailing the major observations of the six facies which constitute the early Albian Bakio
Marls and early middle Albian Bakio Breccias formations. For further discussion see Poprawski et al. (2014, 2016). Supporting
Jacies photographs are provided in Figure 3.5.

Facies name Description Interpretation

Thin-bedded calcareous | 0.01-0.1-m-thick beds of bioclastic | Low-density calci-turbidites:
sandstone (corals and shell fragments) very fine- | Thin-bedded structured sandstones
fine grained sandstones. deposited from dilute turbidity cur-
Commonly normally graded with flat | rents.

tops and flat bases. Weak planar, rip-
ple, and convolute lamination.
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Medium-bedded calcare-
ous sandstone

0.1-0.3-m-thick very fine to medium-
grained normally graded sandstones,
with flat bases and flat tops.

Planar, ripple, and convolute lamina-
tion observed.

Mud clasts and intense dewatering
also present.

Medium to high-density turbid-
ites:

Presence of tractional structures
suggests deposition from a dilute
turbidity current.

High mud-clast percentage could
suggest imminent flow transfor-
mation (Barker et al. 2008).

Limestone breccia

10+-m-thick beds of matrix- or clast-
supported limestone breccia, with
erosional bases and undulating tops.
Poorly sorted beds consisting of
subangular to angular limestone meg-
aclasts, which can be normally, in-
versely or non-graded.

Megaclasts commonly contain entire
rudists and fragmented corals.

Mass-transport deposit:

Pootly sorted clasts suggest deposi-
tion from “flow freezing” of a flow
with yield strength (Iverson et al
2010).

Limestone clasts are similar in com-
position to the Gaztelugatxe Lime-
stone, suggesting that it is their
source (Poprawski et al. 2014
2010).

Fossiliferous pootly
sorted carbonate wack-
estone

0.03-0.2-m-thick poortly sorted, non-
graded carbonate wackestone with
fossil fragments.

Beds are laterally discontinuous, with
undulose, gradational beds and tops.
Cm-to-dm-size bioclasts of urchins,
brachiopods, bryozoans bivalves, cor-
als, crinoid stems, and rarer mollusc
shell fragments.

Debris flow:

Fragmented bioclasts, poor sorting,
and undulose contacts suggest dep-
osition from a laminar flow (Nar-
din et al. 1979).

Fossils are fragmented, indicating
reworking, but are not lithified, in-
dicating direct reworking from an
active platform or reef.

Remobilised carbonates

5+-m-thick packages consisting of a
combination of the above facies that
have been slightly remobilized but
maintain bedding planes.

Contacts are erosional, scalloped, or
smooth, and underlying mudstone
units often appear sheared. Convo-
lute lamination and soft-sediment de-
formation are present.

Slide deposits:

The remobilisation but mainte-
nance of individual bedding planes
and sheared basal contacts indi-
cates that these are slide deposits.
Lack of internal deformation sug-
gest these deposits have been re-
mobilized post lithification, con-
ceivably due to halokinetic move-
ments  (Ferrer et al. 2014
Poprawski et al. 2016).

Clast-rich  pootly-sorted
carbonate wackestone

0.1-1 + m thick pootly sorted beds
with angular limestone clasts in a
mud-silt matrix.

Clasts can be cm to m scale, generally
1-12 cm, and are rich in mollusc frag-
ments.

Rare lithics and organics are ob-
served.

Undulose tops reflect clast topogra-
phy and, bases are flat, weakly-ero-
sional or undulose.

Weak normal grading and rarer re-
verse grading are observed.

Carbonate-clast-rich debrites:
Poot-sorting and large clast size in-
dicates en-masse deposition from a
laminar flow (Nardin et al. 1979;
Iverson 1997; Sohn 2000) Weak
normal grading suggests that some
turbulence was influencing the
flow.

Clast angularity suggests proximity
to source area. Lack of unconsoli-
dated fossil debris suggests that
lithification has occurred before re-
working into the flow.
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Figure 3.5: Photograph of carbonate facies, supporting observations in Table 3.1. Yellow arrow indicates way up. Peach highlights
scale, either lens cap (52 mm), or indicated. For further discussion see Poprawski et al. (2014, 2016). A) Thin-bedded calcareons
sandstone. B) Medium-bedded calcareons sandstone. C) Limestone breccia. D) Fossiliferous poorly sorted carbonate wackestone. )
Remobilised carbonates. F) Clast-rich poorly sorted carbonate wackestone.

Table 3.2: Table of siliciclastic facies detailing the ten facies that comprise the Black Flysch Group.

Facies name Description Interpretation

Granular-cobbly 0.1-1.54+-m thick beds of granular-cob- | High-density turbidites:

sandstones ble sandstones (Fig. 3.6A, B), with | The coarse grain size, thick beds, and
subangular (Fig. 3.06B) to well-rounded, | amalgamation surfaces suggest depo-
moderately sorted clasts. Weak cross- | sition from a highly concentrated tur-
bulent flow, indicating that these
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stratification (Fig. 3.0A), pebble imbri-
cation, amalgamation, mud clasts and
erosional surfaces (Fig. 3.6A, B) are ob-
served. Dish structuration is pervasive

(Fig. 3.6A).

beds are turbidites. Weak stratifica-
tion indicates traction-carpet deposi-
tion (Lowe 1982), suggesting high-
density turbidites.

Thick-bedded
sandstones

0.5-1+-m-thick beds of very-fine-to
coarse-grained normally graded sand-
stones, which lack primary depositional
structures and are commonly dewatered
(Fig. 3.6C). Bases can be sharp, ero-
sional, stepped, or amalgamated, com-
monly along a mudstone amalgamation
surface with a subtle grain-size break
(Fig. 3.6C), and tops are often flat.
Plane-parallel lamination, mud clasts,
and soft-sediment deformation are oc-
casionally observed.

High-density turbidites:

The general massive structuration of
these deposits suggests that they rep-
resent rapid aggradation beneath a
highly concentrated flow (Lowe
1982).

Medium-bedded
sandstones

0.1-0.5 m thick beds of very fine-me-
dium grained, normally graded sand-
stones. Beds are rich in tractional struc-
tures, particularly plane parallel lamina-
tions (Fig. 3.6D). Ripple laminations is
observed in bed tops, and beds are more
frequently structureless towards bases.
Bed bases are flat with tool matks or
loaded, and tops are flat or convolute
and often rich in mud clasts (Fig. 3.6D).
Occasionally amalgamated.

Medium-density turbidites:

Based on their tractional structures
and normal grading, beds of this
lithofacies are interpreted as deposi-
tion from a dilute turbidity current.
These beds are interpreted as me-
dium-density turbidites due to their
bed thickness and common lack of
structures in the lower part of the

bed.

Thin-bedded sand-
stones

0.01-0.1-m-thick beds of very fine-fine,
normally graded sandstones. Rich in
tractional structures, particularly plane-
parallel lamination (Fig. 3.0E, F). Band-
ing on a sub-cm scale (Fig. 3.6E, F) and
convolute lamination are common. Ba-
ses are flat (Fig. 3.0F), undulose, loaded
(Fig. 3.0E, F), or weakly erosional and
tops are flat to undulose and rich in mud
clasts. Starved, climbing, and opposing
paleoflow ripples are observed (Fig.
3.6E).

Low-density turbidites:

Tractional structures and normal
grading indicate deposition from a di-
lute turbidity current and are there-
fore interpreted as low-density tur-
bidites. Common banding may reflect
some periodic suppression of turbu-
lence associated with flow decelera-
tion or increased concentration
(Lowe and Guy 2000; Barker et al.
2008). Ripples with opposing
paleoflow suggests topographic inter-
ference.

Siltstone and very
thin-bedded sand-
stones

Packages of 0.1 m composed of individ-
ual fine siltstone to fine sandstone
events less than 0.01 m. Beds form dis-
continuous drapes within mudstone
(Fig. 3.6G), with flat bases and flat tops.
Parallel and ripple lamination and diage-
netic phosphate nodules are observed

(Fig. 3.6G).

Low-density turbidites:

Fine grain size and thin bed thickness
suggest that this unit represents dep-
osition from dilute turbidity currents
(Boulesteix et al. 2019), representing
lower-energy conditions than thin-
bedded sandstones.

Mudstone

0.01-5-m-thick mudstone to fine silt-
stone beds of carbonate or siliciclastic
mudstone (Fig. 3.6H). Weakly planar-
laminated, friable packages (Fig. 3.6H)
with drapes and discontinuous lenses of

Background sedimentation:

Fine grain size indicates low-energy
conditions, representative of back-
ground sedimentation via suspension
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siltstone (Fig. 3.6H). Nereites bioturba-
tion and diagenetic spherical cm-scale
phosphate nodules present.

fallout. Discontinuous siltstones sug-
gest that lamination may be present
below the scale visible in outcrop,
representing deposition from a dilute
turbidity current (Boulesteix et al.
2019).

Poorly-sorted mud-
stone

0.1-1+-m-thick siltstone to fine-sand-
stone rich mudstones (Fig. 3.6I). Pootly
sorted, matrix-supported, clast-rich de-
posit with starry-night texture. Gran-
ules, organic fragments, mud clasts and
rare shelly fragments present, often with
subtle alignment. Bases are flat or undu-
lose, tops flat or loaded (Fig. 3.61).

Mud-rich debrites:
The pootly sorted matrix and clast-
rich nature indicates en-masse depo-

sition from a laminar flow (Nardin et
al. 1979).

Poorly-sorted
muddy sandstone

0.1-1+-m-thick, mud-rich pootly sorted
matrix-supported, fine to medium
grained sandstones with starry-night
texture (Fig. 3.6]). Organised mudstone
clasts and sporadic granules to pebbles
are observed. Flat-undulose tops and
flat-graded base are common (Fig. 3.6]).
Rare normal grading and grain-size seg-
regation and infrequent sheared layers
present.

Sand-rich debrites:

En-masse deposition from a laminar
flow (Natrdin et al. 1979; Iverson
1997, Sohn 2000). Weak normal-
grading suggests that some turbu-
lence was influencing the flow and
therefore deposition from a transi-
tional flow regime is interpreted
(Baas et al. 2009; 2013; Sumner et al.
2013).

Chaotic clast-rich
matrix  supported
deposit

0.5-3-m-thick, poorly sorted deposit
with a poorly sorted matrix of mud-
stone to fine sandstone. Clasts include:
cm-to-m  scale sandstone balls (Fig.
3.6K), showing internal lamination and
soft-sediment deformation, dm — m
scale sandstone and heterolithic suban-
gular rafts, deformed siderite nodules,
limestone clasts, gastropod and sponge
fragments, mud clasts and phosphate
nodules. Beds are flat-topped, and bases
are weakly loaded (Fig. 3.6K).

Mega-debrites:

The pootly sorted matrix and large
clast size are suggestive of “flow
freezing” indicating deposition in a
debris-flow regime (Iverson et al.
2010). These deposits are interpreted
as mega-debrites due to their large
clast size (rafts), suggesting they are
derived from localised mass failure.

Bipartite or tripar-
tite beds

0.1-1.5-m-thick beds that contain multi-
ple parts (Fig. 3.0L, M). Typically con-
sisting of a lower fine-medium sand-
stone (division 1) overlain by a pootly
sorted, muddy siltstone-sandstone (divi-
sion 2) with a flat to slightly undulose
base (Fig. 3.6L, M). Division 3 is some-
times present, consisting of cleaner silt-
stone or fine-grained sandstone loaded
into division 2 (Fig. 3.6L). Division 1
can contain planar lamination and weak
cross-stratification (Fig. 3.6L) but is of-
ten massive with sporadic-slightly or-
ganised mud clasts (Fig. 3.6M). Division
2 is organic-rich, highly deformed, and
can contain sporadic granules or peb-

bles (Fig. 3.0L, M). “Starry night” tex-

Hybrid beds:

Tractional structures in division 1 and
3 suggest that these deposits formed
under turbulent flows. Starry-night
texture, poor sorting, and mud con-
tent suggest that division 2 was de-
posited under a transitional-laminar
flow regime (Haughton et al. 2009).
Flow transformation from turbulent
to laminar can occur through flow
decelerations (Barker et al. 2008;
Patacci et al. 2014) or by an increase
in concentration of fines during flow
run-out (Kane et al. 2017).
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ture is observed in this division. Divi-
sion 3 is more frequently planar lami-
nated than division 1 but can be highly
chaotic (Fig. 3.6L).
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Figure 3.6: Siliciclastic facies photographs. Yellow arrow indicates way up. Peach ontline highlights scale, either lens cap (52 mm),
or indicated. A) Granular-cobbly laterally extensive thick sandstone beds. B) Granular-cobbly sandstone with medium-thickness
beds exchibiting lateral facies variations. C) Stacked, amalgamated thick-bedded sandstones. D) Medium-bedded sandstones inter-
spersed with mudstones and poorly sorted mudstones and sandstones. ) Thin-bedded sandstone showing ripples, planar lamination,
and loading. F) Succession of stacked thin-bedded sandstones. G) Siltstone and very-thin-bedded sandstones; phosphate nodules are
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common in this facies, likely diagenetic in origin. H) Mudstone with occasional, rare drapes of siltstone. 1) Poorly sorted mudstone,
Jfoundered into by a thick-bedded sandstone. ]) Poorly sorted muddy sandstone, containing sporadic granules and raft blocks. K)
Chaotic clast-rich matrixc-supported deposit encased between units of thin-to-medinm-bedded sandstones. L) Tripartite bed consisting
of lower medinm-bedded sandstone with weak cross-lamination, middle poorly sorted mudstone and upper poorly sorted sandstone.
M) Bipartite bed consisting of lower thick- bedded sandstone which becomes mud-clast rich upwards overlain by a poorly sorted
mudstone above.

3.6 Interpretation of depositional elements

Facies associations (Table 3.3; Figure 3.7) and architectures (Table 3.4; Figure 3.8) are integrated
to support interpretation of depositional environment. Facies associations are interpreted based
on dominant lithofacies (Table 3.2; Figure 3.6) and use lobe (Prélat et al. 2009; Spychala et al. 2017)
and channel-levee (Kane and Hodgson 2011; Hubbard et al. 2014) nomenclature that best fit field
observations. Facies associations and geometries are described separately, because architecture
alone is not diagnostic of the depositional sub-environment, and multiple facies associations can
form a similar architecture.
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Table 3.3: Table of facies association detailing the assemblages that constitute the Black Flysch Group.

Facies associ-
ation name

Description

Interpretation

Architecture (Table 3.4;
Fig. 3.8)

Lobe axis

Dominantly thick-bedded sandstones (Fig. 3.7,
3.8C) with subordinate medium-bedded (Fig. 3.6D),
thin-bedded (Fig. 3.6E, F), and granular-cobbly
sandstones (Fig. 3.7). Beds ate often massive and
amalgamated (Fig. 3.7) with pervasive dewatering,
frequent mud clasts and subtle normal grading (Fig.
3.6C). Thin-bedded granular-cobbly sandstones can
underlie thick-bedded sandstones or form isolated
lenticular geometries (Fig. 3.6B).

Thick-bedded nature suggests deposition from high con-
centration turbidity currents with relatively high rates of
aggradation preventing the development of tractional sed-
imentary structures (Kneller and Bramney 1995; Talling et
al. 2012). Common amalgamation, and entrainment of
mudstones clasts in thick-bedded sandstones, indicate that
the parent flows were highly energetic and capable of
eroding, entraining, and bypassing sediment during the
passage of flow (Lowe 1982; Mutti 1992; Stevenson et al.
2015). Similar deposits elsewhere have been interpreted as
lobe-axis deposition (Walker 1978; Prélat et al. 2009; Kane
et al. 2017). Thin-bedded granular-cobbly sandstones are
associated with overlying and adjacent amalgamated thick-
bedded sandstones and are thought to represent a mostly
bypassing equivalent of the depositional thick-bedded
sandstones within the lobe axes (Kane et al. 2009).

Pinching out upslope (Fig.
3.8C) or convex up (Fig. 3.7)

Lobe off-axis

Composed principally of normally graded structured
to structureless medium-bedded sandstones (Fig.
3.6D) with less common thin-bedded (Fig. 3.6F) and
thick-bedded sandstones (Fig. 3.6C). Ripples at the
tops of beds commonly show paleoflow directions
opposite to those that are measured from flutes and
grooves on bed bases. Mudstones, pootly sorted
mudstones, sand-rich mudstones, and rarer chaotic
clast-rich matrix-supported deposits are periodically
or randomly interspersed in this facies association

(Fig. 3.7).

A medium-density turbidite interpretation is given for
these units based on the preservation of both structured
and structureless sandstones. Similar preservation of both
deposit types has been interpreted as off-axis lobe envi-
ronments, deposited by decelerating turbidity currents
(Prélat et al. 2009; Spychala et al. 2017; Soutter et al. 2019).
Opposing paleocurrent directions in event beds is charac-
teristic of topographically influenced flows (Kneller et al.
1991; Bakke et al. 2013). Periodic deposition of mudstones
suggests episodic system shutdown. Poorly sorted mud-
stones, sand-rich mudstones, and chaotic clast-rich matrix
supported deposit occurrence indicate periodic laminar
flows which could indicate nearby active topography
(Kneller et al. 1991; Mayall et al. 2010).

Pinching out upslope (Fig.
3.8C) or convex up (Fig. 3.7)
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Proximal
fringe

Consists principally of thin-bedded sandstones (Fig.
3.6 E, F) and bipartite or tripartite event beds (Fig.
3.6L, M). Siltstone and very-thin-bedded sandstones
and medium-bedded-sandstones (Fig. 3.7) are infre-
quently observed. Poortly sorted mudstones, sand-
rich mudstones, and rarer chaotic clast-rich matrix-
supported deposits are periodically or randomly in-
terspersed in the otherwise organised thin-bedded
sandstones and bipartite or tripartite beds (Fig. 3.7).

Thin-bedded, structured sandstones are interpreted to be
deposited from low-concentration turbidity currents
(Mutti 1992; Jobe et al. 2012, Talling et al. 2012). Bipattite
and tripartite event beds are interpreted as hybrid beds
(Haughton et al. 2009). The transformation of flows in hy-
brid beds observed here document a change in flow pro-
cess from high-medium- concentration turbulent to lami-
nar or transitional, to low-concentration turbulent (Rema-
cha et al. 2005; Baas et al. 2011). Thin-bedded sandstones
and hybrid beds undetlie lobe and lobe-axis facies associ-
ations and are therefore interpreted to be deposited adja-
cent to such deposits. Abundant hybrid beds and thin beds
indicate lobe-fringe deposition elsewhere (Hodgson 2009;
Jackson and Johnson 2009; Kane et al. 2017; Soutter et al.
2019), specifically in the proximal fringe (Sypchala et al.
2017). In tectonically confined settings, flow types are
highly variable and the frontal and lateral fringe can be dif-
ficult to decipher because flow transformation is influ-
enced by topography so hybrid beds can be common in
the lateral and frontal fringe (Barker et al. 2008; Soutter et
al. 2019) termed “proximal fringe”.

Tabular (Fig. 3.8A) or
pinching out up slope (Fig.
3.80).

Distal fringe

Dominated by siltstone and very-thin-bedded sand-
stones (Fig. 3.6G) and mudstones (Fig. 3.6H) with
secondary thin-bedded sandstones, bipartite and tri-
partite beds and thin-bedded pootly sorted mud-
stones (Fig. 3.7). Mudstones separating individual
events are often slightly deformed or sheared and
show drapes of discontinuous siltstone (Fig. 3.7).

The fine grain size, thin-bedded character, and low strati-
graphic position of these beds is consistent with lobe-
fringe deposition. The relative lack of hybrid beds in this
facies association support a distal-lobe-fringe interpreta-
tion (Hodgson 2009; Jackson et al. 2009; Kane et al. 2017;
Soutter et al. 2019), specifically in the proximal fringe (Syp-
chala et al. 2017).

Tabular (Fig. 3.8A)

Channel-lobe
transition
zone

Consists of granular-cobbly sandstones (Fig. 3.6A)
and intensely dewatered thick-bedded sandstones up
to 5 m thick (Fig. 3.6C). Erosional bases, mega-
flutes, stepped amalgamation surfaces, and mud-
clast abundance are common (Fig. 3.7). Granular-
cobbly sandstone lenses infilling lensoid, spoon-
shaped depressions are observed (Fig. 3.7). Weakly

Erosionally based geobodies infilled with coarser clasts in-
dicate active erosion and deposition. Common amalgama-
tion, and entrainment of mudstones clasts in thick-bedded
sandstones, indicate that the parent flows were highly en-
ergetic and capable of eroding, entraining, and bypassing
sediment during the passage of flow (Lowe 1982; Mutti

Tabular amalgamated beds
(Fig. 3.8G)
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stratified cross-lamination of gravels in sandstone
matrix and pebble imbrication is also observed (Fig.
3.6A, 3.8). Low-wavelength hummock-like struc-
tures are observed (Fig. 3.7) (Vincente Bravo and
Robles 1991).

1992; Stevenson et al. 2015), while weak cross-stratifica-
tion, slight grading, and pebble imbrication are more typi-
cal of depositional conditions (Mutti and Normark 1987).
This juxtaposition of depositional and erosional elements
has been observed elsewhere in channel-lobe transition
zones (Mutti and Normark 1987; Wynn et al. 2002; Pem-
berton et al. 2016; Brooks et al. 2018). The presence of
cross-stratified gravels supports the facies association pro-

posed by previous work (Vincente Bravo and Robles
1991a; 1991b; 1995).

Channel-axis

Thick-bedded sandstones (Fig. 3.6C), granular-cob-
bly sandstones (Fig. 3.6A), pootly sorted muddy
sandstones, (Fig. 3.01) and chaotic clast-rich matrix-
supported deposits (Fig. 3.6K). Thick-bedded sand-
stones typically gradationally overlie granular-cobbly
sandstones, which are commonly grooved on the
base, showing normal grading (Fig. 3.7). These suc-
cessions are erosional into the underlying pootly
sorted muddy sandstones or chaotic clast-rich ma-
trix supported deposits, which exhibit some defor-
mation and shearing (Fig. 3.7). Sandstone beds ei-
ther erode into each other, are amalgamated, or less
commonly are separated by thin beds of mudstone
(Fig. 3.7). Low-angle cross-stratification is observed
(Fig. 3.6A\). The sandy mudstones and chaotic units
contain subangular to angular pootly sorted clasts of
up to boulder size. The composition of these clasts
includes limestone fragments, organics, siliciclastic
fragments, slumped and reworked thin-bedded het-
erolithics, clasts of granite, deformed and reworked
siderite, mud clasts, and fossil fragments (Fig. 3.7).

Common amalgamation, erosion, and entrainment of
clasts in the sandstones indicate that the parent flows were
highly energetic and capable of eroding, entraining, and
bypassing sediment (Mutti 1992; Stevenson et al. 2015;
Soutter et al. 2019). The coarse grain size and basal loca-
tion of granular-cobbly sandstones suggests that these
beds were deposited as a coarse-grained lag in a bypass-
dominated regime (Hubbard et al. 2014). Erosionally
based lenticular sandstones and their grading from cob-
bly—fine sandstone is consistent with deposition in a sub-
marine channel described elsewhere (Hubbard et al. 2008;
Romans etal. 2011; McArthur et al. 2020). Weak low-angle
lamination in sandstone beds could indicate lateral accre-
tion (Kane et al. 2010; Jobe et al. 20106). Pootly sorted
muddy sandstones and chaotic units could represent chan-
nel collapse and margin failure (Flint and Hodgson, 2005;
Pringle et al. 2010; Jobe et al. 2017). The wide variation in
clast composition, more diverse than that observed in any
other facies association, indicates broader catchment area
for these debris flows, which may indicate an extrabasinal
provenance (Stevenson et al. 2015).

Concave upward (Fig. 3.7,
3.8B)

Channel-mar-
gin

Thin-bedded sandstones (Fig. 3.7E, F) and pootly
sorted mudstones with secondary medium-bedded
sandstones and chaotic clast-rich matrix-supported

The supercritical bedforms and thin-bedded nature of
these deposits is similar to those described as channel-mar-
gin facies by others (Kane and Hodgson 2011; Hodgson
etal. 2011; Hubbard et al. 2014; Jobe et al. 2017; McArthur

Tabular (Fig. 7, 8A)
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deposits (Fig. 3.7). Thin- and medium- bedded sand-
stones are planar and ripple laminated (Fig. 3.0E).
Pootly sorted mudstones and chaotic clast-rich ma-
trix-supported deposits include angular to rounded
clasts of limestone, siliciclastic fragments, and mud
clasts. Medium-bedded sandstones erode into the
tops of chaotic clast-rich matrix-supported deposits,
and thin-bedded sandstones show loaded, flat and
weakly erosional bases. This facies association ap-
pears beneath the channel-axis facies associations

(Fig. 3.7).

et al. 2020). The location of this facies association beneath
channel-axis deposits suggests that they were deposited
adjacent to them, and this indicates they represent chan-
nel-margin facies association.
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Figure 3.7: Type examples of the seven documented facies associations in this study (Lable 3.3). Peach highlights scale, either lens
cap (52 mm), or indicated. Black arrow points to the north, and yellow shows the way up. A) Thick-bedded sandstones of the lobe
axis. B) Interbedded sandstones and mudstones of the lobe off-axis. C) Thin-bedded sandstones interbedded with mudstones of the
proximal fringe. D) Mudstones and very thin-bedded sandstones and siltstones of the distal fringe. E) Thick-bedded granular
sandstones of the channel—lobe transition zone. F) Sandstones and poorly-sorted mudstones of the channel axis. G) Thin-bedded

sandstones interbedded with mudstones of the channel margin.

Table 3.4: Table describing geometrical configurations observed in the Black Flysch Group.

which show a continuous thick-
ness laterally for 10s to 100s m,

etry suggests constant deposi-
tional energy. Tabular architec-

Architecture | Description Interpretation Facies associa-

name tion (Table 3.3;
Figure 3.7)

Tabular bedded | A package of stacked beds | This continuous, stacked geom- | Distal fringe

(Fig. 3.7), proxi-
mal fringe (Fig.

occasionally with some subtle | tures appear to be uninfluenced | 3.8A), channel
thickness changes (Fig. 3.8A). | by topography, and are similar | margin (Fig.
Post depositional faulting and | to unconfined settings (Prélat et | 3.7G).

tectonic and halokinetic tilt pre-
vent these geometries from be-
ing traced on a 100s m-km-scale.
Common in thin-bedded (Fig.

al. 2009). Low-density turbid-
ites are less affected by topogra-
phy than more cohesive flow
(Al-Ja’aidi 2000; Bakke et al.

3.8A) and medium-bedded | 2013) and therefore can run up
sandstones (Fig. 3.6D). Tabular | topography for greater dis-
geometries are observed >500 m | tances,  without becoming
away from diapiric influence. ponded.
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Concave upward

Curvilinear geobodies with vari-

Hach geobody represents at

Channel

axis

(erosionally able thickness that are concave | least one event; the coarse- | (Fig. 3.7, 3.8B).

based) upward, consisting of a centroid | grained basal lag could repre-
and two margins, toward which | sent a bypass event before the
the centroid thins, sometimes by | high-density —turbulent flow
up to 80%. (Fig. 3.8B). Erosion- | which filled the geometry.
ally based granular sandstones | These multipart geobodies,
are present in the centroid of the | which are attributed to deep-
geobody, often overlain by high- | water channels based on their
density turbidites, which be- | geometries, stack on top of and
come thinner-bedded towards | erode into each other, suggest-
the margins. The thickness of | ing increasing confinement
these geobodies is typically deci- | (Mayall et al. 2010).
metre to metre scale, and thick-
ness to width ratios can range
between 1:10 and 1:50. The geo-
bodies commonly erode and
amalgamate with each other, and
stack above the previous de-
posit.

Pinching out | Elements that change in thick- | Thinning of deposits indicates | Proximal fringe

upslope ness, but only in one direction | flow deceleration related to to- | (Fig. 3.7, Fig.
(Fig. 3.8C). Commonly these | pography, which ultimately | 3.8C), lobe off-
geometries are amalgamated, | lowers flow  concentration | axis, lobe axis
with individual events displaying | (Baas et al. 2011; Teles et al. | (Fig. 3.8C).

a convex-up geometry. Thinning | 2016). The eventual pinch-out

rate is approximately 10cm/m in | of the sandstone is due to the

Figure 3.8C. inability of the flow to run up
the entirety of the topography.

Convex up Packages are generally continu- | The upwards curvature and | Lobe  off-axis
ous in thicknesses on the scale | slight thinning of this geometry | (Fig. 3.7), Lobe
of the outcrop, with beds thin- | lead to their interpretation as lo- | axis (Fig. 3.6C,
ning slightly to either side (Fig. | bate geometries (Prélat et al. | 3.7).
3.8E). The centroid is typically | 2009; Hodgson 2009; Sypchala
decimetres to metres thick. The | et al. 2017). Shifting of the cen-
upper surface of each deposit is | troid of the lobe axis indicates
commonly undulose with an | that compensational stacking is
overall, often subtle, convex-up- | influencing these deposits simi-
ward geometry (Fig. 3.8E). | lar to that observed in uncon-

High-density turbidites domi- | fined settings (Prélat et al. 2009;

nate these architectures and are | Spychala et al. 2017).

commonly stacked or amalga-

mated.
Pinching out | Packages are triangular in geom- | These deposits are interpreted | Limestone brec-
downslope etty and pinch out gradually. | as talus deposits, common | cia (Table 3.1;

These architectures are very
common at Gaztelugatxe Island
(Fig. 3.3, 3.5), where they consist
of limestone breccia (Table 3.1)
and have thinning rates of 6.7—
10 em/ m downslope (Fig.
3.8E). Towards the top of Gaz-
telugatxe Island (closer to the
contact with Gaztelugatxe Lime-
stone) these architectures are
amalgamated, whilst farther

around diapiric highs (Giles and
Lawton 2002; Giles and Rowan
2012) and on fault scarps
(Poprawski et al. 2014, 20106).
The similarity in facies and ge-
ometry to “carbonate lentils”
described elsewhere (McBride
et al. 1974; Hunnicutt 1998;
Kernen et al. 2012, 2018) and
the likely close to the offshore
Bakio diapir (Poprawski et al.

Fig 3.5).
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away from the limestone they
are interspersed within tabular
architectures. Successive thin-
bedded, tabular deposits appear
to onlap onto the topography
formed by these downslope-
thinning geobodies (Fig. 3.8E).

2016) suggest that these geom-
etries are halokinetically driven.
The source of this talus is intet-
preted to be the Gaztelugatxe
Limestone due to its proximity
and geometrical relationships.
Onlap of successive deposits
suggest that diapiric collapse
was coeval with deep-marine
deposition.

Undulose

Packages have an undulose, het-
erogeneous  geometry  (Fig.
3.8F). Individual beds vary in
thickness and facies, and include
thin beds, chaotic mud-rich
debrites, and limestone breccias
(Fig. 3.8F), but overall architec-
ture maintains a broadly con-
sistent thickness. The base of
these architectures can be com-

posed of limestone breccias (Fig.
3.8F; Table 3.1).

These remobilised units repre-
sent slump deposits. Ranging
paleoflow directions, and both
carbonate and siliciclastic inclu-
sions, suggest they are derived
from the diapir roof and flanks
(Poprawski et al. 2014). The un-
dulose geometries could overlie
carbonate “lentils” or may re-
flect the reworking of “lentils”
in these deposits (Fig. 3.8F).

Mass-failure de-
posits; limestone

breccia  (Table
3.1), chaotic
debrites (Fig.

3.6], 3.6K), re-
mobilized proxi-
mal-distal fringe
(Fig. 3.8F).

Tabular amalga-
mated beds

Packages appear tabular and
consist of beds which remain
relatively consistent in thickness,
with minor deviations related to
previous  topography  (Fig.
3.8G). This architecture is prin-
cipally composed of the chan-
nel-lobe transition zone facies
association (Fig. 3.7). Concave
depressions, which are spoon-
shaped and metre scale in width,
can be seen on bed tops and bed
bases and are associated with
undulations at bed scale (Fig.
3.8G). Overall, the geometry is
slightly concave up, with the
center of each deposit thinning
slightly on either side at the scale
of the outcrop (Fig. 3.8G).

The dominance of channel-
lobe-transition zone facies asso-
ciations leads to an interpreta-
tion of a stacked, scoured,
broad channel-lobe transition
zone where erosional and depo-
sitional processes were active
(Vicente Bravo and Robles
1991; Robles et al. 1995; Brooks
et al. 2018). Spoon-shaped de-
pressions are representative of
megaflutes and scours (Robles
et al. 1995). These cause a vari-
able depositional topography
which influenced subsequent
flows, resulting in slight com-
pensational stacking.

Channel-lobe
transition zone
(Fig. 3.6A, 3.7)
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Slope angle
reconstruction

o 0

Figure 3.8: Photographs showcasing the variety of geometries observed in the study area. North is indicated. Peach highlights scale.
A) Tabular bedded. B) Concave upward; white lines highlight individual architectural elements. C) Pinching ont upslope; black
lines highlight pinch-ont geometry, black box locates zoom in which was used for reconstruction of the slope angle. D) Convex
upwards; white lines highlight each element. E) Pinching out downslope; white lines outline triangular geometries, and white arrows
indicate onlap (also in Fignre 3.6C). F) Undulose. G) Tabular amalgamated beds; white lines ontline individual beds.

3.7 Stratigraphic Evolution

Extensive exposures permit detailed lithostratigraphic analysis (Figures 3.3, 3.9, 3.10 and 3.11),
allowing investigation of the role of salt-induced relief on depositional patterns (Figures 3.12, 3.13
and 3.14). The following sections describe the exposures from oldest to youngest, first focusing
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on the flanks of the Sollube and Jata basins (Gaztelugatxe Island and Bakio West Bay, respectively)
and then the axis of the Sollube basin (Cabo Matxitxako).

Gaztelugatxe Island

Description: GX1 is 8 m thick and consists of bioturbated mudstones, calci-debrites, calci-
turbidites, thin-bedded turbidites, and mud-rich debrites. It shows an overall coarsening- and
thickening-upwards from centimetre-to metre-scale interbeds of each facies. GX2 is 10 m thick
and dominated by carbonate—clastic debrites, with angular clasts of the Gaztelugatxe Limestone,
up to 1 m in diameter. GX2 pinches out downslope, forming a triangular geometry (Table 3.4;
Figure 3.9E). GX3, has a minimum thickness of 42 m, onlaps GX2 and is recognised as the first
purely siliciclastic succession; comprising thin- to medium- bedded turbidites, debrites, hybrid
beds, and bioturbated mudstones. GX4 has a minimum thickness of 9 m, and its base is marked
by a metre-thick slump, overlain by interbeds (centimetre to decimetre scale) of turbidites, debrites,
slumps, slides, hybrid beds, and mudstones. GXb5 is identified on the western side of Cabo
Matxitxako (Figure 3.9), having a minimum thickness of 30 m. There is approximately 400 metres
of missing stratigraphy between GX4 and 5 (Robles et al. 1988), but GX5 is projected to lie
stratigraphically above GX4. GX5 comprises predominantly amalgamated medium- to high-
density turbidites showing evidence of soft-sediment deformation.

Interpretation: The presence of siliciclastic and calci-turbidite deposits and debrites in GX1 (Fig-
ure 3.9) suggests a transition from the upper BBF to the LBF (Figure 3.13C: Poprawski et al. 2014;
2016). The carbonate deposits could have been remobilised from previous BBF deposits or rem-
nant carbonate highs (Poprawski et al. 2014; 2016). GX2 represents a period of increased mass
failure, which is interpreted to be halokinetically driven due to the lentil-shape and diapir-centric
distribution of these limestone breccias (Table 3.4; Figure 3.8E; e.g., McBride et al. 1974; Hun-
nicutt 1998; Giles and Lawton 2002). The thin-bedded nature and presence of hybrid beds in GX3
suggests early BFG deposition in a proximal lobe-fringe environment (Spychala et al. 2017; Soutter
et al. 2019). Thin-bedded debrites are interpreted to be delivered axially, based on their association
with thin-bedded turbidites that show regional paleocurrents. Thick-bedded, chaotic, clast-rich
units are interpreted to be halokinetically-driven based on variable slump-axis paleocurrent read-
ings (Poprawski et al. 2014). At the base of GX4, a metre-scale debrite overlies 30 m of missing
section (Figure 3.9), which given the low-lying geomorphology is likely mud- rich. The overlying
turbidites and debrites suggest deposition in a lobe off-axis setting (Prélat et al. 2009; Spychala et
al. 2017) where the seafloor was, at least periodically, unstable (Figure 3.13E). Metre-thick beds
that stack into 30-metre-thick packages suggest that GX5 represents deposition in the axis of a
lobe complex (Figure 3.13F: Prélat et al. 2009; Soutter et al. 2019). The absence of debrites or
slumps in GX5 (Figure 3.9) suggests minimal halokinetic influence, either due to diapir inactivity
ot sediment accumulation, due to uplift and erosion from the Landes Massif (Agirrezabala 1996),
outpacing the rate of seafloor deformation. The presence of amalgamated, laterally extensive me-
dium- and high-density turbidites in GX5 supports deposition in a channel-lobe transition zone
(Vincente Bravo and Robles 1991a; 1991b; 1995) or lobe-axis setting.
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Gaztelugatxe Island
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Figure 3.9: Sedimentological log throngh the Black Flysch Group at Gaztelugatxe Island. Location is on Fignre 3.3. Transects
of individnal logs are separated by missing sections as highlighted, and are therefore not continuons. Similar sedimentary facies on
either side of the fanlt suggest that GX3 continues on both sides of the structure, and therefore the impact of the structure is minor.
Key for all the logs and pie charts shown. Thicknesses are in metres. GX# relate to stratigraphic units discussed in the text. Pie
chart shows debrite data divided by predominant clast type and debrite type (Lable 3.2), and relative proportions of all debrites at
this section, and average thickness of each type is shown.
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Bakio West Bay

The coastal cliff section at Bakio West Bay (Figure 3.10) exposes c. 150 m of the BFG above its
basal contact with the BBF (Robles et al. 1988), c. 1 km west of the Bakio diapir. This section is
divided lithostratigraphically into three units (BW1-3), and is further divided by halokinetically
driven unconformities into sub-units (Figure 3.10; Poprawski et al. 2014).

Description: BW1 is 6-metre-thick, consists of calciturbidites and siliciclastic turbidites, debrites,
and mudstones, and is overlain by BW2 across an angular unconformity (U2; Figure 3.10A;
Poprawski et al. 2014). BW2 is principally siliciclastic, comprising predominantly turbidites, with
minor debrites and mudstones. A 10-metre-thick package of fine sand- to pebble- grade turbidites
with lenticular geometries and scoured-amalgamated bases is observed to overlie a 2-metre-thick
debrite (Figure 3.10A). BW3 consists of interbedded metre-scale siliciclastic turbidites and debrites
(Figure 3.10B). Unconformities 5 and 6 are intra-BW3, and thus BW3 is subdivided into three sub-
units (BW3a, b, and c).

At the bases of BW3a, BW3b, and BW3c, 1-12-metre-thick debrites with variable thickness across
the exposure overlie the angular unconformity (Figure 3.10). Grain-size varies from medium sand
to boulders and clasts vary from rounded to angular. A more diverse range of clast rock types than
elsewhere in the study area are observed, including limestone, sandstone, mudstone, organics, het-
erolithics, siderite, mafic material, granite, and siderite (Table 3.3). An undulose contact exists be-
tween the debrites and the 2—4-metre-thick amalgamated turbidites which overlie them (Figure
3.10). These medium sand- to pebble-grade turbidites are lenticular in geometry, can be divided
into metre-scale fining-upwards successions, and contain inclined stratification (Figure 3.10).

Interpretation: The angular unconformities are interpreted to be related to salt-diapir movements,
and are interpreted as part of a tapered halokinetic sequence (Giles and Rowan 2012; Poprawski
et al. 2014). Unit BW1 marks the transition from BBF to BFG, and is interpreted as representing
deposition at the base of slope of the carbonate platform, which was growing on the Bakio diapir
(Figure 3.13D: Poprawski et al. 2014). Coarse-grained sandstones with lenticular geometries,
scoured bases, and normal grading, such as those observed in BW2, indicate deposition in a chan-
nelised or scoured setting (Figures 3.7F, 3.10 and 3.13E; e.g., Hubbard et al. 2014; Hofstra et al.
2015). The debrites capping unconformities could be halokinetically-derived or related to channel-
margin collapse induced by diapir movement (Rodriguez et al. 2020). The wide range of clast rock
types in these debrites suggests that they are dissimilar to other halokinetically-derived debrites
and could indicate a different set of mass flows sourced up-dip of the depositional system (Figure
3.10C; e.g., Doughty- Jones et al. 2019; Wu et al. 2020).

The deepest point of each lenticular geometry in BW3 appears to step eastward towards the Bakio
diapir (Figures 3.7F and 3.8A); this could indicate lateral-accretion deposits from a meandering
submarine channel (e.g., Peakall et al. 2007; Kane et al. 2010; Janocko et al. 2013). The concave-
upward geometry of the turbidites and the undulose contact with the debrite below (Figures. 3.7F,
3.8B and 3.10) could represent channel fills or scour fills influenced by previous debrite topogra-
phy (e.g., Cronin et al. 1998; Jackson and Johnson 2009; Kneller et al. 2016). The thick beds,
concave- upward geometry, erosional bases, and coarse grain size suggests that these deposits are
channel fills rather than scour fills (Hubbard et al. 2008; Romans et al. 2011; McArthur et al. 2020).

The repeated facies change between pebbly chaotic debrites and channelised turbidites is inter-
preted to represent periods of rapid diapir growth, evidenced by debrites overlying halokinetic
unconformities (Giles and Rowan 2012). This is suggested to have been followed by periods of
relative diapir quiescence, which permitted submarine channels to infill debrite topography and
migrate around the diapir due to reduced seafloor topography (Kane et al. 2012).
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Cabo Matxitxako

Cabo Matxitxako provides an extensive section (c. 600 m) through the BFG. In this locality, we
subdivide the group into eight lithostratigraphic units (CM1-8; Figure 3.11). There is c. 500 m of
missing section between Cabo Matxitxako North and South Beach (Figure 3.3). Cabo Matxitxako
is located in the Sollube basin, c. 4.5 km northeast and c. 5 km northwest of the Bakio and Guet-
nica salt structures, respectively.

Description: CM1 is a 110-metre-thick package of mudstones, with minor thin- to medium-bed-
ded siliciclastic turbidites and debrites. CM2 is 60 m thick and is dominated by metre-scale debrites
with subordinate thin- to medium-bedded turbidites, hybrid beds, and mudstones (Figure 3.11).
Slump axes, where present, indicate a range of paleoflow directions (forming two clusters: 80—160°
and 280-320°; Figure 3.3). CM3 is 50 m thick and contains metre-thick packages of stacked me-
dium to thick bedded, dewatered turbidites and slumps, metre to tens of metres thick containing
rafts of thin-bedded turbidites. Two beds of granular sandstone (27 and 19 cm thick) with lentic-
ular geometries are observed at the top of CM3. CM4 is 32 m thick, is distinguished from CM3 as
it is debrite-poor and mostly comprises thick-bedded, amalgamated high-density turbidites that
stack into 3 to 6-metre packages. CM5 is 124 m thick and consists of roughly equal proportions
of 1 to 3-metres-thick amalgamated turbidites, which are normally-graded on a bed scale, and me-
tre-scale slumps and debrites, which occur every 2—10 m and contain rafts of thin-bedded turbid-
ites. CM6 has a minimum thickness of 18 m, is observed at the northern part of South Beach, and
is composed of 1 to 3 m debrites and 1 to 80 cm turbidites and mudstones (Figures 3.3 and 3.11).
CM?7 has a minimum thickness of 38 m, similar to CM6; however, the units are separated by c. 500
m of missing stratigraphy, much of which is assumed to have been removed due to Pyrenean
deformation and recent landslides (Vicente Bravo and Robles 1995), so have been separated. CM8
is 40 m thick and consists of predominantly metre-scale, normally graded thick- bedded turbidites
with erosional bases, cross-stratification, amalgamation, mud-clasts, and dewatering structures
common throughout (Figure 3.11).

Interpretation: The Cabo Matxitxako succession (Figure 3.11) suggests a broadly basinward-shift-
ing (i.e., progradational) system from CM1 to CM4 due to overall coarsening and thickening of
beds, followed by a slight back-step (i.e., retrogradational) or lateral shift in CM5 to CM7 repre-
senting by thinner beds and muddier facies, followed by a further basinward shift in CM8 indicated
by significant coarsening and thickening of sandstone beds and reduction of mudstone facies (Fig-
ure 3.13). Debrites and slumps with clasts of thin- and medium-bedded stratigraphy are present
throughout CM2, 3, 5, 6, and 7 suggesting that the seatloor was periodically unstable, possibly due
to relatively high rates of diapir rise and related seafloor deformation. CM1 is dominated by back-
ground suspension fallout and dilute low-density turbidites in a lobe-complex distal fringe setting
(Figure 3.13D). CM2 represents higher-energy, more proximal lobe conditions compared to CM1,
based on facies, hybrid beds, geometry, stacking patterns, and thickness and is interpreted as prox-
imal lobe fringe deposition (Spychala at al. 2017). The depositional sub-environment of CM3 is
interpreted as an off-axis lobe complex, based on facies and bed thicknesses, with small distributive
channel fills, evidenced by lenticular granular sandstones (Normark et al. 1979; Deptuck and Syl-
vester 2017). CM4 is dominated by stacked, amalgamated, high-density turbidites (Figure 3.11) and
is interpreted to represent deposition in the axis of a lobe complex (Figure 3.13F; Prélat et al. 2009;
Spychala et al. 2017). CM5 contains distributions of facies similar to those of CM3, so is interpreted
to represent lobe-complex off-axis deposition with some distributive channel fills (Normark et al.
1979; Deptuck and Sylvester 2017). Debrite dominance in CM6 and CM7 suggests remobilisation
due to diapir growth throughout deposition (Figure 3.13F). These deposits are interpreted to rep-
resent proximal-fringe to lobe-off-axis deposition (Spychala et al. 2017), which is highly modulated
by halokinetic debrites. The coarse grain size, cross-stratification, thick beds, and lack of debrites
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and mudstones (Figures 3.7E and 3.11), suggests that CM8 was deposited in either a lobe-axis or
channel-lobe transition zone. This unit has previously been interpreted as a channel-lobe transi-
tion zone (Vincente Bravo and Robles1995) and shares characteristics similar to channel-lobe
transition zones reported elsewhere (e.g., Brooks et al. 2018). This unit shows little evidence for
active topography, suggesting that the sedimentation rate had increased with respect to the diapir
rise rate, possibly associated with uplift of the Landes Massif (Rat 1988; Martin-Chivelet et al.
2002), or welding of the salt source layer. Any remaining seafloor topography was filled by CM8
(Figure 3.13G).
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Figure 3.11: Sedimentary log through Cabo Mabczz‘xméa Beach. Lamz‘zoﬂ in Figure 3.3. Missing J‘é’[lloﬂ.f are indicatedy thickness
is in metres. Key for all logs is provided in Figure 3.9. CM# indicate stratigraphic units discussed in the text. Roughly 500 m of
missing section separates South and North Cabo Matxitxako. The pie chart shows debrite data divided by predominant clast type
and debrite type (Table 3.2), and relative proportions of all debrites at this section, and average thickness of each type is shown.
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Stratigraphic Correlation
The BW, GX, and CM lithostratigraphic units represent different depositional systems despite
their close proximity. Poor biostratigraphic calibration renders stratigraphic correlations between
the areas challenging (Agirrezabala and Lopez-Horgue 2017). Using lithostratigraphy, BW1 is cor-
related to GX1-2, BW2-3 are correlated to GX3—4 and CM1-7, and GX5 is correlated to CM8
(Figures 3.9, 3.10 and 3.11).

3.8 Evidence for seafloor topography

There is widespread sedimentological evidence for seafloor topography during deposition of the
BFG, which as we discuss below reflects the interplay between active salt growth and depositional
processes controlling the available accommodation.

Ripple cross-lamination, cross-stratification, and sole marks indicate a regional south-westward
paleoflow direction (Figure 3.12). This direction is consistent with a northward source for the
BFG, supporting the Landes Massif as a potential regional source area (Rat 1988; Robles et al.
1988; Ferrer et al. 2008; Puelles et al. 2014). At Cabo Matxiatxako, a secondary westward paleoflow
orientation (Figure 3.12A) is comparable to findings by Robles et al. (1988), who suggest that this
reflects the passage of gravity flows that spilled across the Guernica structure into the Sollube
basin. Therefore, paleocurrent data (Figure 3.12A) suggest modulation of a regional (primarily
south-trending) paleoflow by salt-induced topography (west-trending flows off east-facing slopes)
(Figure 3.13). Analogously, a west—south- westward paleoflow observed at Bakio West Bay (Figure
3.3) may reflect the passage of gravity flows that spilled from the Sollube basin, across the Bakio
structure into the Jata basin. This west—south-westward paleoflow could alternatively represent the
westward deflection of regional paleoflow around the Bakio diapir.

Ripple lamination in opposing directions is common in individual thin-bedded turbidites (Figure
3.12B). Such features have been attributed to flow reflection or deflection from seafloor topogra-
phy (e.g., Kneller et al. 1991; McCaffrey and Kneller 2001; Barr et al. 2004; Hodgson and Haughton
2004). Moreover, hybrid beds seen throughout the distal fringe (Figures 3.06L, M, 3.9, 3.10 and
3.11) indicate that topography had influenced a transformation of flow from turbulent to laminar
(Figure 3.15; e.g., Barker et al. 2008; Soutter et al. 2019).

Distal terminations of turbidity flows that pinch out up depositional slope (Figure 3.8C) reflect
thinning towards topography (e.g., Ericson et al. 1952; Gorsline and Emery 1959) as the low-
density part of the turbidity current ran up the topography farther than the high-density compo-
nent (e.g., Al-Ja’aidi 2000; Bakke et al. 2013). Hence, thicker sandstones are more likely to be
confined to localised salt-withdrawal minibasins (Figures 3.13, 3.14 and 3.15), whereas thinner
sandstones may drape halokinetically influenced slopes (Figures 3.13, 3.14 and 3.15; Straub et al.
2008; Soutter et al. 2019). Based on a bed-scale thinning rate of 10 cm/m at Cabo Matxitxako
(Figures 3.3 and 3.11), we calculate the slope angle to be 2-3° (Figure 3.8C). Due to the distance
(c. 5 km) from the present-day Bakio diapir, it is unlikely that this slope is solely related to diapir
growth, but rather caused by a combination of salt withdrawal or welding from the salt source
layer at depth, and salt-structure growth, as observed in similar-sized subsurface examples (e.g.,
Doughty-Jones et al. 2017). Multiple paleoflow directions, hybrid beds, and abrupt pinch-out of
beds can suggest the presence of (static) topography. However, the number of debrites intercalated
with lobes, and the tapered composite halokinetic sequence observed at Bakio West Bay (Figure
3.12D) suggest that this topography and salt growth was active at the time of deposition.
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Figure 3.12: Evidence for topography and paleoflow direction. Black arrow shows orientation and peach indicates scale, and lens
cap is 52 mm. A) Rose diagram for 284 paleocurrent indicators (ripples, sole marks, cross-stratification) from the Black Flysch
Group. Readings bave been corrected for tectonic tilt yellow arrow indicates dominant paleoflow direction some radial spread is due
to ripple reflection. Grey arrows indicate regional (fo the south) and local (to the west) paleoflow directions, discussed in the text. B)
Evidence for opposing-direction ripples suggesting ripple reflection. C) Triassic-age Keuper Group outerop of clays, carbonate, and
psum at Bakio Beach, thought to be part of the Bakio diapir. D) Composite halokinetic sequence associated with the western
Sflank of the Bakio diapir; HS, halokinetic sequence. E) Pinch-out and onlap of lowermost Black Flysch Group thin-bedded
turbidites onto a Gaztelugatxe Limestone clast on the eastern flank of the diapir. F) High-density turbidite abruptly terminating
against a block of Gaztelngarxe Limestone in HS3 (BIW3).

Debrites

MTDs and debrites (Table 3.1; Figures 3.0K and 3.8D) observed throughout the succession indi-
cate seafloor, shelf or diapir roof instability. Such sequences are observed in halokinetically-influ-
enced settings globally, where diapir rise rate is high (Giles and Lawton 2002; Giles and Rowan
2012; Doughty-Jones et al. 2019; Wu et al. 2020). Heterogeneities in subsurface fluid flow charac-
teristics can be caused by the presence of reworked thin-beds within debrites (Figure 3.14) which
could act as barriers or thief sands, allowing reservoir fluids to migrate further up dip closer to the
salt structure (Moscardelli and Wood 2006). Therefore, understanding debrite sourcing can help
de-risk seal and trap uncertainty (McKie 2015). Debrites appear chaotic in subsurface data due to

136



their internal disorder (Soutter et al. 2018; Doughty-Jones et al. 2019) and are therefore difficult to

decipher from salt structures (Jones and Davison 2014) which can lead to the overestimation of
salt structure width (Charles and Rhyzhikov 2015).

Description: Debrites, slumps, and slides (the vast majority being debrites) account for 23% of
stratigraphy across all measured sections, with an average thickness of 111 cm. Assuming that all
the debrites (Table 3.1; Figures 3.0K and 3.8D) are derived from diapir slopes and all turbidites
are derived from far field, a 1:4 ratio of halokinetically to axially derived deposition exists. While
this is clearly an oversimplification, and we provide evidence for local, diapirically-derived debrites
and regional, slope-derived debrites, it does suggest that locally, extra stratigraphy may be present
in salt-confined basins compared to unconfined settings. Therefore, interpreting stacking patterns
and correlating between basins may be challenging.

Debrites on the flank of the Jata basin have an average thickness of 140 cm, compared to 119 cm
and 73 cm in the axis and flank of the Sollube basin, respectively. 31% of measured stratigraphy
on the flank of the Jata basin comprises debrites, compared to 22% and 18% in the flank and axis
of the Sollube basin, respectively. Debrite composition shows siliciclastic dominance in the axis of
the Sollube basin; debrites with carbonate clasts or matrix become more common on the flank of
the Sollube basin and are dominant on the flank of the Jata basin (Figures 3.9, 3.10 and 3.11), in
agreement with models of halokinetic sequences (Giles and Rowan 2012). Limestone clasts of
similar composition in debrites on both the Jata and Sollube flanks support the presence of a
carbonate platform growing on top of the Bakio diapir (Garcia-Mondéjar and Robador 1987;
Poprawski et al. 2014; 2010), indicating that these debrites are related to local diapir failures. The
proportion of carbonate clasts decreases from the Sollube basin flank to axis (39% in Figure 3.9
and 1% in Figure 3.11) due to distance from the carbonate platform growing on top of the Bakio
diapir.

To better understand debrite source areas, debrites were subdivided by type into pootly-sorted
mudstones, pootly-sorted muddy sandstone and chaotic clast-rich matrix supported deposit (as
per Table 3.2). Clast rich deposits were the most common across all stratigraphy. The axis of the
Sollube basin has the highest proportion of clast rich deposits across the measured sections, and
the Jata basin flank is the section with the most variable debrite types. Sollube axis and flank con-
tain broadly similar proportions of each type of debrite (Figures 3.9, 3.10 and 3.11). The average
thickness of siliciclastic debrite is 145 cm, 63 cm and 137 cm in the Sollube axis, flank and Jata
flank settings respectively. Carbonate debrite thickness is highest on the Jata flank (142 cm), 114
cm on the Sollube flank and 74 cm in the Sollube basin axis, based on one observation. Chaotic
clast rich deposits are thickest (202 cm) in the Sollube basin axis, compared to the flank (113 cm)
and the flank of the Jata basin (101 cm). Poorly-sorted mudstones (27 cm in the axis and 26 cm in
the flank) and pootly-sorted muddy sandstones (35 cm in the axis and 37 cm at the flank) of the
Sollube basin, are much smaller than the poortly-sorted mudstones (96.5 cm) and muddy sand-
stones (137 cm) of the Jata basin.

Isolated limestone megaclasts (Figure 3.10 F, 3.12 E and 3.12 F) derived from the Gaztelugatxe
Limestone could be out-runner blocks (e.g., De Blasio et al. 2006; Soutter et al. 2018) or fractured
blocks of platform limestone that have toppled off during diapiric growth (e.g., Alves et al. 2002;
2003; Martin-Martin et al. 2016). Younger deposits progressively onlap these limestone clasts (Fig-
ures 3.12E and 3.12F), showing that subsequent turbidity currents later interacted with this addi-
tional seafloor topography (e.g., Kilhams et al. 2012; 2015; Olafiranye et al. 2013).

Interpretation: Debrites can be sourced from either collapse on top of the diapir or its flanks, or
from failures of the shelf-edge and/or slope (Doughty-Jones et al. 2019; Wu et al. 2020; Rodriguez
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et al. 2020). However, the source is difficult to decipher without a dataset covering the coeval shelf
and slope succession. The presence of more debrites in the basal active part of the Sollube basin
fill (Figures 3.9, 3.10, 3.11 and 3.14) compared to the upper passive part of the basin fill (Figure
3.11) suggests that mass failures are more common during initial development of salt-confined
depocenters (Wu et al. 2020). The Sollube basin is more confined than the Jata basin, as it is con-
fined by both the Bakio and Guernica salt structures, and therefore can be expected to receive a
larger proportion of material derived from diapir growth. In fact, the Jata basin received more and
thicker debrites. This could suggest asymmetric growth of the Bakio diapir, or the carbonate plat-
form above it, creating a steeper slope on the boundary of the Jata basin. However, the apparent
difference in the number and thickness of debrites could also be due to limitations of the outcrop,
in that the Sollube basin flank location (Gaztelugatxe Island) is more axial than the Jata basin flank
outcrop (Figure 3.3). The absence of carbonate clasts in the axis of the Sollube basin, compared
to the Sollube and Jata basin flanks, could suggest that diapirically derived mass failures did not
extend into the axis of the basin. Subsurface studies show that diapirically-derived debrites may
only extend 100s-1000s metres away from the source, which may indicate the axis of the Sollube
depocenter is outside the area influenced by halokinetic debrites (Rowan et al. 2012; Giles and
Rowan, 2012; Jones et al. 2012; Hearon et al. 2015; Rodriguez et al. 2018; Doughty-Jones et al.
2019; Wu et al. 2020). However, the exposed minibasin stratigraphy is younger than the flanking
stratigraphy, and therefore carbonate clasts are expected to be rarer due to a decrease in exposure
and availability to be remobilised through time.

Examining the predominant clast type alone, it could be suggested that carbonate-rich debrites
decrease away from the diapir and therefore halokinetically-influenced debrites are carbonate rich
and shelf-derived debrites are siliciclastic rich. However, passive diapir growth continued during
the deposition of the Black Flysch Group (Agirrezabala and Garcia-Mondéjar 1989; Poprawski et
al. 2014; 2016; Agirrezabala and Lopez-Horgue 2017; Zamora et al. 2017) and therefore remobili-
sation of thinly-bedded sandstones deposited on top of diapiric topography probably occurred
across the study area, as is evidenced by both siliciclastic and carbonate clast rich debrites at Gax-
telugatxe Island (Figure 3.9), and is common during periods of high structural growth (Doughty-
Jones et al. 2019).

The average thickness of chaotic clast-rich deposits increases from flank to basin axis in the Sollube
basin, this could suggest only the largest diapircally-derived mass failures make it into the basin,
and become detached from their up-dip equivalent, with the time-equivalent debrite on the flank
being absent due to flow bypass (Moscardelli and Wood 2008). Flow bypass could be driven by
steep slopes, and localised fractures associated with the Bakio diapir. Smaller, attached, chaotic-
clast rich deposits that thin towards the basin axis may account for the 101-113 m average thickness
debrites observed on either flank of the Bakio diapir. The presence of reworked thin-bedded sand-
stones and rafts of thick-bedded sandstone within chaotic-clast rich debrites suggests they were
remobilised from thin-thick bedded sandstones, deposited across the study area, due to diapiric
movements. Similar raft blocks, remobilised from diapiric highs have been interpreted in the sub-
surface (Gee and Gawthorpe 2006; 2007; Oluboyo et al. 2014; Soutter et al. 2018; Doughty-Jones
et al. 2019; Rodriguez et al. 2020). Presence of shelly material within these debrites also indicates
a local source from the platform atop of the Bakio diapir.

Alternatively, the presence of thicker chaotic clast-rich debrites in the Sollube basin axis could be
interpreted as alloycyclic deposition, controlled by up-dip shelf failures. The thickest deposits are
interpreted to have exploited lows between diapir-influenced conduits, as is observed in the sub-
surface (Doughty-Jones et al. 2019; Wu et al. 2020) and apparent thinning towards the Sollube
margin and on the Jata margin could be interpreted as debris flows running up topography, and
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their deposits thinning, analogous to observations in turbidites (Figure 3.8C). Seismic facies anal-
ysis of ‘regional’ debrites offshore Angola reveals they are mostly composed of chaotic material,
and appear to thin towards topographic highs, in agreement with our field-based facies analysis
(Doughty-Jones et al. 2019). The Jata basin is only partially confined, therefore the presence of a
larger proportion of non-chaotic clast-rich deposits could indicate flows became more dilute due
to lack of confinement and transformed into muddier or sandier equivalents.

The uplifting Landes massif was located <20 km away from the study area during Black Flysch
deposition (Agirrezabala 1996; Garcia-Mondéjar et al. 19906); increased sedimentation due to the
uplifting plateau could have caused shelf and/or slope failure resulting in mass flows that made it
into the Jata and Sollube basins, as is observed in the subsurface (Wu et al. 2020; Rodriguez et al.
2020). The Landes massif is interpreted as a granitic province and clasts of granite are observed
within channel-lobe transition zone deposits to the north of Cabo Matxixako, however clasts of
granite are not observed within the debrites which could indicate they are not sourced from the
uplifting plateau. The composition of clasts within debrites at Bakio West Bay (Figure 3.10) is
different to that observed within the Sollube basin. This could indicate mixing or reworking of
halokinetic and shelf-derived debrites or that the Jata basin was tapping into a different, or modu-
lated, source area as it was more open to external forcing than the dual-laterally confined Sollube
basin. As the salt beneath the Sollube basin was withdrawn and started to weld, variations in top
salt geometry could have caused localised weaknesses within the Sollube basin, promoting devel-
opment of failures which may be another origin of chaotic clast-rich debrites (Figure 3.14).

Pootly-sorted mudstone and muddy sandstones are comparable in average bed thickness and pro-
portions at the axis and flank of the Sollube basin. This suggests location and thus proximity to
the diapir was not a control on these deposits and the flows forming these deposits may have been
sourced from the shelf. Average thicknesses and proportions of poorly-sorted mudstones and
muddy sandstones are greatest close to the Bakio diapir (at Bakio West Bay), indicating a diapiric
source and greatest thickness within the halokinetic sequence, similar to observations adjacent to
North Sea diapirs (Davison et al. 2000; Carruthers et al. 2013). If this were the case a similar thick-
ness and proportion would be expected on the opposite side of the Bakio diapir (Gaztelugatxe
Island). This difference could further support diapir asymmetry during growth, whereby larger
failures were more common on the western flank. It could also indicate that Gaztelugatxe Island
is not as marginal as Bakio West Bay, and therefore the Bakio diapir may not exist as far offshore
as interpreted (Ferrer et al. 2014; Poprawski et al. 2016) or the Sollube basin may have been steep-
sided such that Gaztelugatxe and Cabo Matxixako represent basin off-axis and axis respectively
and are outside the direct zone of diapir influence. Due to lack of accessible exposure at Bakio
West Bay, and mass flow size being controlled by a number of factors it may not be possible to
quantify stratigraphic trends using average debrite thickness and therefore comparison of the Jata
and Sollube basins remains tentative.

Regardless of emplacement mechanism, debrites formed additional rugose seafloor topography in
both depocenters, confining subsequent gravity flows and further localising deposition (Cronin et
al. 1998; Armitage et al. 2009; Madof et al. 2009; Kneller et al. 2016). Halokinetically-derived
debrites are likely to increase the area deformed by topography surrounding the salt structures and
therefore subsequent flows would be expected to be deposited further from the diapir, in response
to topographic influence (Doughty-Jones et al. 2019).

In summary, the presence of complicated variations in thickness, clast type, and debrite style across
the study area suggests that mass flows are likely to be both locally derived (from the salt structures)
and regionally derived (from the shelf), and therefore debrites were likely both allogenic and halo-
kinetic in origin (Moscardelli and Wood 2008; Doughty-Jones et al. 2019; Wu et al. 2020). The
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proximity to salt structures, reduction in mass-failure deposits away from salt structures, and the
remobilised intrabasinal clasts within them suggests that the majority of debrites in the study area
are locally derived from the Bakio diapir. The wide variety of clasts types in Jata basin debrites
(Table 3.3: Figure 3.10) and the association of these deposits with channelised turbidites above
could suggest that some of the Jata basin debrites were regionally derived, and deposited as part
of channel-axis depositional elements. The absence of these possible regionally derived debrites in
the Sollube basin could be due to confinement by the offshore part of the Bakio diapir, or different
up-dip sediment routing. The difference in thicknesses and numbers of debrites between the Jata
and Sollube basins suggests that they developed, at least partially, as separate depocenters influ-
enced by different controls (Figures 3.9, 3.10 and 3.11).
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Figure 3.13: Schematic depositional models showing the geological evolution of the system through time, specifically detailing deep-
water sub-environments and their interactions with salt-induced topography. Black lines on top of each model outline the present-day
coastline. Bakio and Guernica structures are indicated. Geometry of the Guernica salt body is hypothetical. Extrapolations between
localities are based on topography, outcrop pattern, and UAV” imagery. Parts A—C are after Poprawski et al. 2014, Parts D-G
are based on this study. Locations of stratigraphic units discussed in the text (e.g., GX1, CMT1) are shown. A—G) Schematic with
dimensions indicated in Part A. H) Present day and to scale based on Figures 3.3 and 3.4, with two times vertical exaggeration,
representing post-Cretaceous inversion, uplift and erosion. LD'T, low-density turbidite; MD'T, medinm-density turbidite; HDT,
high-density turbidite; CLTZ, Channel lobe transition zone.

3.9 Discussion

The discussion initially focuses on the Sollube basin, then compares the Sollube and Jata basins,
before comparing our observations to similar depocenters developed in other salt-influenced ba-
sins.

Architecture of the Sollube Basin

The Sollube basin is of a similar size and geometry to previously reported subsurface minibasins
(Figure 3.14; e.g., Pratson and Ryan 1994; Booth et al. 2003; Madof et al. 2009; Doughty-Jones et
al. 2017). Therefore, this rare, exhumed example of a halokinetically-influenced deep-water suc-
cession provides an excellent exposure of small-scale minibasin depositional architecture, provid-
ing an analogue for subsurface minibasins.

Distribution of Facies and Architecture: The Sollube basin is 8 km wide and confined to the
east and west by the Guernica and Bakio structures, respectively (Figure 3.4; Robles et al. 1998;
Poprawski and Basile 2018). Repeated stratigraphy and facies distribution on either side of Cabo
Matxitxako, the change in bedding angle between the Lower Black Flysch and Upper Black Flysch
groups, and sedimentological evidence for syn-depositional topography support the presence of a
broadly symmetrical basin confined by the Bakio and Guernica structures.

Early stratigraphy (the Lower Black Flysch Group) in the siliciclastic fill of the Sollube basin is
dominated by thin-bedded sandstones, with localised debrites on the flanks (Figures 3.9. 3.11 and
3.14). As the basin developed, thicker-bedded sandstones representing channel fills and lobes were
deposited in topographic lows (basin axis), consistent with subsurface analogues (e.g., Booth et al.
2003; Madof et al. 2009; Mayall et al. 2010; Doughty-Jones et al. 2017) and numerical models (e.g.,
Sylvester et al. 2015; Wang et al. 2017). Towards the flanks, the lower-density parts of the flows
responsible for the thick-bedded sandstones may run up topography, depositing thin-bedded sand-
stones. Therefore, allocyclically-controlled, often thick stratigraphy is observed in the axis of the
minibasin. Halokinetically controlled (e.g., debrites) or -influenced (e.g., thickness variations) stra-
tigraphy occurs towards the basin margins. These interpretations are consistent with subsurface
studies (e.g., Doughty-Jones et al. 2017; Wu et al. 2020; Rodriguez et al. 2020).

Oluboyo et al. (2014) suggest that a fundamental control on the type of confinement developed is
the incidence angle between the strike of the salt structure and the paleoflow direction. “Fill-and-
spill” architecture is observed in deep-water environments where topographic highs strike perpen-
dicular to the gravity-flow direction (i.e., at a high incidence angle) (e.g., Piper and Normark 1983;
Hay 2012; Prather et al. 2012; Soutter et al. 2019). This study documents a rare example of an
exhumed halokinetically influenced deep-water succession where paleoflow is at a low incidence
angle to structural strike (i.e., oblique-parallel). In such scenarios, spill between basins is rare, and
sedimentary systems are deflected to run broadly parallel to salt walls in minibasins for several
kilometres (Figures 3.14, 3.15 and 3.16; e.g., Oluboyo et al. 2014). The four-fold model of the fill
of a confined basin (Sinclair and Tomasso 2002) is not appropriate where paleoflow is oblique or
parallel to salt structures, and there is a down-dip exit (i.e., not confined in all directions). Our
study indicates that the dominant style of interaction between gravity flows and topography is
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lateral confinement, with channels and lobes in the Sollube basin being thickest in the axis and
elongated parallel to the margins of the salt- controlled basin. The presence of MTDs is somewhat
overlooked in both the confinement model proposed by Oluboyo et al. (2014), and the earlier “fill-
and-spill” model (Winker 1996; Prather et al. 1998; Sinclair and Tomasso 2002). MTDs sourced
from either up-dip (i.e., extrabasinal; detached) or from local mass failures (i.e., intrabasinal; at-
tached) related to growing salt structures, can generate additional syn-depositional relief and flow
confinement (Figure 3.15; Moscardelli and Wood 2008; Rodriguez et al. 2020).

The hierarchical scheme for classifying deep-water systems developed in the Karoo basin (Prélat
et al. 2009) is widely accepted, but must be used with caution, or be adapted for confined systems
(Prélat et al. 2010; Etienne et al. 2012; Marini et al. 2015). Prélat et al. (2010) recognised that width-
to- thickness ratios and areal extent-to-thickness ratios are different for confined and unconfined
systems, with width-to-thickness ratios of 100:1 measured in selected subsurface confined settings,
compared to 1000:1 in unconfined settings, and areal extent-to-maximum-thickness ratios 30 times
greater in unconfined systems compared to confined systems (Prélat et al. 2010). All examples
used in Prélat et al. (2010) are from settings where paleoflow is perpendicular (high angle) to slope.

In terms of areal extent, stratigraphy in the Sollube basin (c. 8 km wide) would be best classified
as a lobe element (c. 5 km wide) using the Prélat et al. (2009) framework. However, in terms of
thickness each lithostratigraphic unit observed at Cabo Matxitxako (18—124 m thick, Figure 3.11)
would be classified as a lobe complex (c. 50 m thick). The width-to-thickness ratio of lobes in the
Sollube basin is ¢. 160:1 (taking a midpoint thickness of 53 m), in agreement with confined exam-
ples reported by Prélat et al. (2010). This suggests similar basic geometries for confined lobes
regardless of incidence angle between paleoflow and topographic strike. The dimensions observed
in the salt-influenced minibasins in the study area are comparable to those of intraslope lobes
complexes documented in the Karoo (6—10 km wide, 10-15 m thick; Spychala et al. 2015), which
are an order of magnitude smaller than their basin-floor counterparts (Prélat et al. 2009).

Confined-lobe complexes are predicted to have smaller areal extents because radial spreading is
minimal due to topographic confinement (e.g., Marini et al. 2015; Soutter et al. 2019). The ratio of
axis to fringe deposition is likely to be increased in confined settings where flows stay turbulent
for longer, flow deceleration is limited, and development of a wide fringe is hindered due to pres-
ence of topography (Etienne et al. 2012; Soutter et al. 2019). The presence of thicker axial deposits
due to confinement by topography, and less space for lateral lobe switching to occur, may make
axis identification easier in a confined setting; however, this may change through time if topogra-
phy is healed and depositional systems become less confined (Marini et al. 2015).

This study supports recent work (Oluboyo et al. 2014; Rodriguez et al. 2020) which suggests that
clongate systems are common adjacent to topography, on all scales. This is in contrast with the
roughly equant geometries predicted in unconfined systems (Prélat et al. 2009). Multi- scale analysis
suggests that all confined hierarchical elements would have greater lengths than widths, lesser areal
extents, and greater thicknesses (lower aspect ratios) than unconfined settings when deposited
adjacent to topography that is oblique-parallel to flow (Booth et al. 2003; Oluboyo et al. 2014;
Rodriguez et al. 2020).
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Figure 3.14: Schematic deep-water facies and architectural elements observed on both flanks of the Bakio diapir showing the sub-seismic-scale heterogeneity that can be associated with these systems and
diapir flank plays. Section is two times vertically exaggerated. Sollube and Jata Basins are indicated. Note change in orientation at the Bakio diapir.
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Development of Axial Systems: The overall upward thickening of beds and coarsening of grain
size from south to north at Cabo Matxitxako is associated with a transition in depositional envi-
ronment from lobe distal fringe to channel-lobe transition zone (Figures 3.11 and 3.13). Coarsen-
ing and thickening upwards elsewhere is widely interpreted to represent progradation (e.g., Mutti
1974; Macdonald et al. 2011; Kane and Pontén 2012); however, this could also represent (a com-
ponent of) lateral compensational stacking of lobes (e.g., Prélat and Hodgson 2013).

Throughout the Pyrenean, the Black Flysch Group is interpreted to have been controlled by allo-
cyclic progradation (Robles et al. 1988; Agirrezabala and Bodego 2005), driven by increases in
sediment supply following the uplift of the L.andes Massif (Garcia-Mondéjar et al. 1996; Martin-
Chivelet et al. 2002; Puelles et al. 2014) and/or increased flow efficiency from confinement (Hodg-
son et al. 2016). This regional progradation, along with our field observations, provides compelling
evidence that, on a lobe to lobe-complex scale, the stratigraphic architecture of the study area is
controlled primarily by system progradation. Lateral switching may be reduced due to confining
topography decreasing the amount of space available for switching to take place (e.g., Mayall et al.
2010; Oluboyo et al. 2014).

By definition, only two lobe elements would be able to fit laterally within the Sollube basin during
Lower Black Flysch deposition (Prélat et al. 2009), suggesting that lateral stacking due to confine-
ment in our study area is feasible only at the bed scale (Marini et al. 2015). The apparent retrogra-
dation observed between CM5-7 could be a result of bed to lobe-scale lateral shifting and com-

pensational stacking modulating an otherwise progradational lobe complex (e.g., Gervais et al.
2000; Pickering and Bayliss 2009; Etienne et al. 2012; Mortis et al. 2014).

The lack of lateral stacking suggests that lateral topography maintains flow velocity in the absence
of overspill and deceleration, and therefore the system remains turbulent for longer. This causes a
basinward shift in deposition effectively acting to magnify the effects of progradation (e.g., Kneller
and McCaffrey 1999; Talling et al. 2012; Patacci et al. 2014). This concept accounts for numerous,
thick, high-density turbidites (UBF) along the axis of the Sollube basin formed by gravity flows
that were guided between the two structures (Figures 3.14, 3.15C, 3.15F and 3.16; e.g., Scott et al.
2010; Oluboyo et al. 2014; Counts and Amos 2016; Howlett et al. 2021).

Using observations from Bakio, a range of stacking patterns may result from progradation of a
deep-water system in an unconfined, partially confined, and dual-confined setting (Figure 3.106).
Unconfined fans have a higher aspect ratio, surface area, and avulsion angle than confined systems
as the ability of the flows to spread radially was not restricted by topography (Prélat et al. 2009;
Spychala et al. 2017). Where only one lateral confinement is present, deposits may be asymmetrical,
as flows are confined by diapir topography in one direction but are able to spread radially away
from it, as is seen in the deposits of the Jata basin (Figure 3.10; Soutter et al. 2021). In settings with
lateral confinement, deep-water systems are elongated axially, subparallel with bounding relief (Fig-
ures 3.14; 3.15 and3.16; Oluboyo et al. 2014; Soutter et al. 2021). Funnelling of axial gravity flows,
and therefore bed amalgamation, is interpreted to be enhanced where two salt structures are pre-
sent, resulting in thicker deposits but areally smaller depositional architectures than unconfined
settings (Kneller and McCaffrey 1999; Patacci et al. 2014; Soutter et al. 2021).

Diapir growth is not continuous through time, and phases of rapid growth (e.g., Figure 3.16, t2—
t3, t5—t6) and quiescence (e.g., Figure 3.10, t1, t4) cause destabilisation and remobilisation of the
diapir roof, overburden or flank deposits (Figures 3.9, 3.10 and 3.11). This can drive rerouting of
subsequent systems to avoid failure topography, potentially resulting in lateral or compensational
stacking (Figures 3.10, 3.13F, 3.15E and 3.16; Kane et al. 2012; Doughty- Jones et al. 2017; 2019;
Rodriguez et al. 2018, 2020). In fully confined settings, there is no space for rerouting and lateral
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MTDs could be amalgamated with, or eroded away by, flows depositing axial turbidites (Figures
3.8C, 3.11, 3.13, 3.14, 3.15 and 3.106).
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Figure 3.15: Simplified comparison between lobes in unconfined and A—C) confined settings and D—F) progradation style in these
settings. Parts A and B compare the nomenclature of sub-environments of Spychala et al. (2017) and Soutter et al. (2019) from
the Karoo and Annot basins, respectively. Confined systems are smaller and more elongate and bave more frequent hybrid beds. Part
C shows how active topography would modify the model proposed by Soutter et al. (2019). One salt body has a carbonate roof and
one a siliciclastic roof purely for completeness. Part D shows compensational stacking occurring during system progradation in an
unconfined setting. Part E shows that downstream distance prograded per lobe is increased due to parallel topography, based on flume
tanfk experiments that show a 20% increase in velocity adjacent fo topography by Soutter et al. (2021; Appendix D) and Bakio
West Bay. Part I shows how the downstream distance prograded per lobe is further increased as gravity-flow deposits are funnelled
throngh dnal-confinement. Both siliciclastic and carbonate failures are shown in parts E and I to indicate that the depositional
Systens avoids the debrite topography away from the salt structure, thereby illustrating the diapiric influence on axial deposition.
LDT, low-density turbidite; HB, hybrid bed; MD'T, medium-density turbidite; HD'T, high-density turbidite.

Active or Passive Topography: The geometry and number of the debrites, and thin-bedded
sandstones that pinch-out, is controlled by the presence of actively growing topography during
LBF deposition. The absence of debrites in the UBF suggest that diapir growth ceased following
uplift of the Landes Massif (Garcia-Mondéjar et al. 1996; Puelles et al. 2014).
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We infer that, following the cessation of diapir growth, an underfilled synclinal basin remained due
to remnant topography of the buried Bakio and Guernica structures, which appears to have con-
strained UBF deposition until it was filled (Figures 3.3, 3.13G and 3.14). The LBF represents early-
stage “active” deposition, perhaps comparable to syn-kinematic megasequences observed in the
subsurface The UBF represents late-stage “passive” deposition, infilling antecedent topography,
comparable to post-kinematic megasequences observed in the subsurface (e.g., Pratson and Ryan
1994; Warren 1999; 20006; Jackson and Hudec 2017). UBF deposits are less confined due to the
lesser influence of salt-influenced topography during deposition, and therefore through time may
evolve to represent semi-confined or unconfined deep-water systems, more capable of lateral
stacking (Marini et al. 2015).

Comparison of Sollube and Jata Basins

Facies distributions on either side of the Bakio diapir varied during BFG times according to the
degree of confinement and distance from diapir crest (Figures 3.13 and 3.14). In the BBF, clast-
and matrix-supported breccias are common in the Sollube and Jata basins, respectively (Poprawski
et al. 2010), suggesting that minibasin individualisation is long-lived. The lack of confining topog-
raphy to the west of the Jata basin may have caused flows to dilute, resulting in muddier, more-
matrix-rich breccias (e.g., Hampton 1972; Sohn et al. 2002; Baas et al. 2009).

LBF stratigraphy in the Jata basin thins towards the Bakio diapir (Figure 3.12D), showing more
evidence for topography than comparable strata in the Sollube basin, supporting the idea that
halokinetic deformation is greatest closest to salt structures (Giles and Lawton 2002; Giles and
Rowan 2012). Richness in limestone clasts in LBF MTDs in the Jata basin (Figure 3.10C; Table
3.3) could indicate asymmetric build-up and failure of the carbonate platform above the Bakio
diapir, preferentially filling the Jata basin (Rosales and Pérez-Garcfa 2010; Li et al. 2016). Asym-
metric growth and failure of either the carbonate platform or the diapir itself is further supported
by thicker, more prevalent debrites observed in the Jata basin compared to the Sollube basin (dis-
cussed above: Figures 3.9, 3.10 and 3.11). The diverse range of clast types in the Jata basin (Table
3.3; Figure 3.10) could suggest different depositional routing relative to the Sollube basin, possibly

due to the presence of salt topography causing different source areas to be tapped (e.g., Mayall et
al. 2010; Oluboyo et al. 2014).

Another key difference is the architecture of thick-bedded sandstones. In the Jata basin, individual
depositional elements are often erosionally based, concave-upwards, and thinner, and show more
tractional structures (e.g., ripple lamination and planar lamination) than those in the Sollube basin.
Where lateral confinement occurs along one margin, sandstones could represent sinuous low-relief
channel fills that ran subparallel to topography (e.g., Mayall et al. 2010; Oluboyo et al. 2014). These
channels were able to migrate because they were only partially confined (e.g., Mayall et al. 2010;
Oluboyo et al. 2014). Such systems are less modulated by halokinetic controls than those that
develop under dual-lateral confinement (e.g., Oluboyo et al. 2014; Rodriguez et al. 2020). Subsur-
face observations indicate that channels migrate away from growing structures (Mayall et al. 2010;
Kane et al. 2012); however, those at Bakio West Bay appear to step towards the diapir in 2D
(Figures 3.7F and 3.8B). This could suggest a temporary reduction in diapir growth, due to the
episodic nature of halokinesis (Kane et al. 2012), which may be unresolvable in subsurface data.
Alternatively, the debrites underlying the thick-bedded sandstones could form pathways that con-
trolled sandstone deposition, and therefore the apparent movement towards the diapir was in fact
controlled by the deep-water systems infilling debrite-related palacotopography (Armitage et al.
2009). However, deciphering detailed interpretations of 3D sinuous channels from 2D exposure
remains challenging (Li et al. 2016).
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The Jata and Sollube basins had unique tectonostratigraphic histories throughout the deposition
of the BBF and LBF due to the interplay of halokinetic, allocyclic, and autocyclic controls. Inac-
cessible UBF stratigraphy to the west of Bakio (Figure 3.12D) appears, from UAV photographs,
to exhibit facies and geometries similar to UBF stratigraphy at northern Cabo Matxitxako (Figure
3.11; Vincente Bravo and Robles 1991a; 1991b; 1995) suggesting that influence of halokinesis de-
creased through time. This supports the idea that sediment accumulation rate ultimately outpaced
diapir growth rate, possibly due to the increase in sediment supply associated with the uplift and
erosion of the Landes Massif (Martin- Chivelet et al. 2002; Puelles et al. 2014). Partial or complete
welding of salt bodies could also be, at least partially, responsible for the reduction of influence of
halokinesis through time (Jackson and Hudec 2017).
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Figure 3.16: Thonght experiment comparing the effects of variable topography in the evolution of deep-water systems. Unconfined
settings are based on Prélat et al. (2009) and Spychala et al. (2017). One salt wall (partially confined) is based on the Jata basin
and flume-tank experiments (Soutter et al. 2021). Two salt walls (confined) are based on Sollube basin. Black line shows line of
section shown in chronostratigraphy and lithostratigraphy, and represents a fixed point for comparing extent of progradation across
the models. The thonght experiment highlights how compensational stacking is restricted when topography is present, particularly
when two topographic barriers are present, and how topography acts to funnel’ deep-water deposits, appearing to enhance the effects
of progradation compared to their unconfined counterparts. Key is the same as Figure 3.15. Arrows on salt structures indicate periods
of salt rise; lack of arrows suggests relative quiescence. No scale is implied.

Comparison to Other Depositional Settings

Here, for ease of comparison with subsurface examples, we use mass transport deposit (MTD),
instead of debrite, to describe deposits from varied subaqueous mass flows, including a mixture of
slides, slumps, and debris flows in agreement with previous subsurface studies (e.g., Nardin et al.
1979; Posamentier and Kola 2003; Pickering and Hiscott 2015; Doughty-Jones et al. 2019; Wu et
al. 2020).

Recognition of Halokinetically Influenced Stratigraphy in the Field: Before this study, most
understanding of halokinetically-influenced deep-water systems came from subsurface datasets
(e.g., Booth et al. 2003; Madof et al. 2009; Carruthers et al. 2013; Doughty-Jones et al. 2017; 2019).
Features that are common across several depositional settings where halokinetic movements are
observed include multi-scalar thinning and onlap, growth faulting, pebble conglomerates, mixed
siliciclastic—carbonate lithologies, MTDs, variable paleocurrents, angular unconformities, and ab-
rupt facies variability (Dalgarno and Johnson 1968; Dyson 1999; Kernen et al. 2012, 2018; Car-
ruthers et al. 2013; Counts and Amos 2016; Counts et al. 2019).

Deposition of thick-bedded sandstones along the axis of the Sollube basin, and thinner beds and
mudstones on the flanks of the Sollube and Jata basins, is comparable to fluvial facies distribution
(Banham and Mountney 2013a; 2013b; 2014; Ribes et al. 2015) where channel-fill sandstones dom-
inate axial settings and floodplain mudstones are observed closer to the diapir.

Individual beds in the BBF are comparable in size (tens- to hundreds-of- metres packages) and
composition to stacked MTDs reported overlying bounding unconformities in halokinetic se-
quences in the L.a Popa Basin (10—120 m in thickness) associated with remobilisation of diapir roof
or cap rock (Giles and Lawton 2002; Poprawski et al. 2014; 2016). Smaller carbonate breccias with
wedge-shaped geometries (metre-scale packages; Figure 3.8E) are similar in geometry and compo-
sition to “lentils” (1 metre to 100s of metre thick) described by McBride et al. (1974), but differ in
thickness and areal extent. Lentils, MTDs, and breccias represent talus-like failure from diapir roof
stratigraphy (Giles and Lawton 2002; Poprawski et al. 2014, 2010).

Presence of evaporite clasts in fluvial successions (Banham and Mountney 2013b; Ribes et al.
2015), suggest that the nearby diapir was exposed during deposition. Such clasts are not observed
in our study area, suggesting that the Bakio and Guernica structures may have only episodically
been exposed at the seabed, if at all. This fits the interpretation of carbonate-platform growth
above the structures, preventing salt exposure (Garcia-Mondéjar 1990; Rosales and Pérez-Garcia
2010; Poprawski et al. 2014; 2016). The consistency of our observations and previously described
halokinetically influenced settings suggests that the criteria for recognising halokinetically influ-
enced systems is similar regardless of depositional environment, suggesting that halokinetic con-
trols are dominant over allocyclic ones. Multiple directions of ripple lamination, presence of hybrid
beds, range of MTD types, and abrupt juxtaposition of deep-water depositional facies can be used
to identify halokinetically influenced deep- water systems in core and outcrop.
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Comparison between Quickly and Slowly Deforming Basins: The gravity flows responsible
for the Eocene to Oligocene Annot Sandstone, SE France, were confined during deposition by
Alpine fold-and-thrust belt topography (Apps 1987; Sinclair 1994). When compared with the rate
of topographic deformation associated with diapir growth, the rate of orogenic deformation is
minor.

Like the BFG, the stratigraphy of the Gres d’Annot is broadly progradational, and rapid facies
changes occur over tens of metres towards pinch-outs (Soutter et al. 2019). Unlike Bakio, where
paleoflow was consistently subparallel to structural trend, sub-basins in the Annot area were even-
tually filled and bypassed sediment into down-dip basins (Sinclair and Tomasso 2002; Salles et al.

2014), indicating that paleoflow was perpendicular to at least one of the complex structural trends
(Oluboyo et al. 2014).

Debrites in the Gres d’Annot were slope-derived and infrequent compared with our study area,
which were sourced laterally from failures of stratigraphy above salt structures that are intercalated
with axially derived deep-water deposits (Figures 3.13, 3.14, 3.15 and 3.16). This is a reflection of
a more active slope in diapiric settings.

The stratigraphy in this study is characterised by an axial deep-water depositional system and a
series of lateral systems dominated by debrites fed from the growing salt structures. This interplay
of two distinct depositional systems is common in deep-water environments influenced by active
rift topography, such as the Gulf of Corinth, Greece (Leeder and Gawthorpe 1987; Pechlivanidou
et al. 2018; Cullen et al. 2019) and the Gulf of Suez, Egypt (Sharp et al. 2002; Jackson et al. 2002,
2005; Leppard and Gawthorpe 2006). Here the continually evolving footwall scarps feed lateral
MTD-rich systems coevally with axial, allocyclically controlled depositional systems. Deposits in
syn-rift settings are often narrow and elongated parallel to the strike of normal-fault segments
(Carr et al. 2003; Jackson et al. 2005; Cullen et al. 2019), indicating the control on stratigraphic
architecture by footwall physiography. Analogous variability of depositional facies occurs due to
salt-structure evolution in halokinetically influenced settings.

3.10 Conclusions

This study documents deep-water facies distributions, with variable amounts of topographic con-
finement, adjacent to growing salt structures from a rare exposed example. We compare observa-
tions from two minibasins, one confined (Sollube) and one partially confined (Jata), which are
comparable in size and facies heterogeneity to subsurface minibasins in salt provinces globally.

Stratigraphic variability and juxtaposition of architectural elements in the Jata and Sollube basins
is high and controlled by the interplay of halokinetic, autocyclic, and allocyclic processes. The low
angle between the paleoflow and the strike direction of salt structures results in the depositional
system being focused between two salt structures in the Sollube basin, and against one salt struc-
ture in the Jata basin, but with no evidence of downdip flow confinement. Confinement against
topography increases the effects of allocyclic progradation. Failure of carbonate platforms devel-
oped above the crests of the active Bakio diapir and Guernica structure created lateral debrites in
the flanking basins, and generated local topography to further constrain axial depositional systems.
Debrites can also be sourced axially from up-dip failures on the shelf, and the compositional dif-
ferences of debrites suggests that the Jata and Sollube basins were subject to different influences.

Indicators of active topography include hybrid beds, remobilised strata, lateral thickness changes
over short distances, reversal in ripple cross-lamination in beds, and intercalation of debrites
throughout the stratigraphy. These indicators individually are not diagnostic of salt-influenced to-
pography, but collectively they provide a set of features that support interpretation of halokinetic
modulation of a deep-water setting. Following the cessation of diapir growth, topography does
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not heal instantly, and the “passive” palacotopography continues to confine subsequent deposi-
tional systems despite diapir inactivity.

Closely related depositional systems can be highly variable depending on their complete or partial
confinement. Stacked, amalgamated sandstones are observed between the confining barriers in the
Sollube basin, whereas more variable architectures are observed in the Jata basin, where only partial
confinement is present. These architectures are due to the modulation of a broadly progradational
system by halokinetically-influenced lateral barriers and the coeval development of axial allocyclic
and lateral debrite-rich depositional systems.

Using outcrop analogues combined with a good regional understanding of source area and salt
movement and extracting insights from multi-scalar depositional analogues are advised when ex-
ploring in the salt—sediment interface for carbon storage or geothermal or hydrocarbon reservoir
targets.
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4.1 Abstract

Subsurface salt movement in the absence of external tectonic forces can affect contemporaneous
sediment deposition, mask allocyclic signals, and deform older strata. Studying salt-sediment
interactions is challenging in the subsurface due to poor imaging adjacent to salt, and in the field
due to the dissolution of halite. Discrete Element Modelling provides an efficient and inexpensive
tool to model stratigraphy and deformation around salt structures, which is advantageous over
other modelling techniques as it realistically recreates brittle processes such as faulting. We used a
discrete element model (DEM) to better understand salt-related modification of sedimentary
sequences, this permitted quantification of thinning rates and analysis of the lateral extent of syn-
kinematic layers. Six 2D experiments were run representing 4.6 Myr (46,000 timesteps) to
determine the effect of salt growth on syn-kinematic stratigraphy. Halokinetic deformation of
stratigraphic architecture was assessed by varying sediment input rates (slow, intermediate, and
fast), and increasing and decreasing sediment input through time. Results show the realistic
formation and evolution of salt-related faults which define a zone of halokinetic influence that is
~3 times the width of the initial diapir. Outside of this, early diapiric and syn-kinematic stratigraphy
are undeformed. Within this zone, syn-kinematic strata are initially isolated into primary salt
withdrawal basins, onlapping and thinning towards the salt-cored high. In most models, syn-
kinematic strata eventually thin across and cover the diapir roof. Thinning rates are up to six times
greater within 350 metres of the diapir, compared to further afield, and typically decrease upwards
(with time) and laterally (with distance) from the diapir. Outputs are compared to a subsurface
example from the Pierce field, UK North Sea, which highlights the importance of considering
local fluctuations in diapir rise rate. These can create stratigraphic architectures that may
erroneously be interpreted to represent ‘apparent’ increases/decreases in sedimentation rate, rather
than local changes in salt tectonics. Exposed examples, such as the Bakio diapir, northern Spain,
are used to make inferences of the expected depositional facies, below model resolution. Our
models aid prediction of sedimentary unit thickness and thinning rates, and can be used to test
interpretations arising from incomplete or low-resolution subsurface and outcrop data when
building geological models for subsurface energy.

4.2 Introduction

Deformation by salt-tectonics influences over 120 sedimentary basins globally (e.g., Hudec and
Jackson 2007). These basins include some of the world’s largest subsurface energy-producing
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provinces, such as the Gulf of Mexico (e.g. Booth et al. 2003; Hudec et al. 2013), the North Sea
(e.g., Mannie et al. 2014; 2016; Charles and Ryzhikov 2015; Stricker et al. 2018; Figure 4.1), off-
shore Angola (e.g. Oluboyo et al. 2014; Doughty-Jones et al. 2017; Howlett et al. 2020), offshore
Brazil (e.g. Rodriguez et al. 2018; 2020; Pichel et al. 2019), and the Precaspian Basin (e.g. Duffy et
al. 2017; Pichel and Jackson 2020). There is therefore a need to understand the interactions of
sedimentary processes with topographic relief associated with salt tectonics to provide insight into
the routing of sedimentary systems and their resultant stratigraphic architecture (e.g., Ribes et al.
2015; Cumberpatch et al. 2021b; Giles and Lawton 2002; Rowan et al. 2003; Pichel and Jackson,
2020). This can improve predictions of reservoir distribution and trap geometry and style for car-
bon storage (e.g., Maia da Costa et al. 2018; Roelofse et al. 2019; Lloyd et al. 2021), geothermal
energy (e.g., Harms 2015; Daniilidis and Herber 2017; Andrews et al. 2020), and hydrocarbons
(Figure 4.1; e.g., Hodgson et al. 1992; Jackson and Hudec 2017; Pichel and Jackson 2020).

Thickness variations and stratigraphic pinch-outs adjacent to salt are observed in the subsurface
(e.g., Trusheim 1960), at outcrop (e.g., Giles and Rowan, 2012), and with physical models (e.g.,
Dooley et al. 2007). Salt movement is often proposed to cause stratigraphic modification of allo-
cyclic signatures (Mayall et al., 2010; Giles and Rowan, 2012). However, because natural analogues
represent a “snapshot” in time of a complicated evolution controlled by the dynamic interplay of
parameters (sedimentation rate, salt supply, etc.), it is often impossible to discern exact controls
and therefore constraining the dynamic evolution of the sediment-salt interface through time and
space remains challenging. Despite advances in the quantity and quality of 3D seismic reflection
data, the salt-sediment interface remains difficult to image due to poor velocity control, steep to
overturned bedding and near-diapir deformation (Figure 4.1; Jones and Davison 2014). Resolution
issues caused by variable lithological distributions, both within the salt and its overburden, further
complicate seismic reflection-based, subsurface analysis (Davison et al. 2000; Jones and Davison
2014). This leads to uncertainty in prediction of facies and thicknesses via seismic methods (Figure
4.1; e.g., Berton and Vesely 2016; Hossain 2019).

Therefore, detailed depositional facies models of halokinetically-influenced depositional systems
(or portions of such systems) benefit from calibration with outcrop analogues (e.g., Lerche and
Petersen 1995; Madof et al. 2009; Banham and Mountney 2013a; b; 2014; Jackson and Hudec 2017;
Rodgriguez et al. 2020; Cumberpatch et al. 2021b) to provide a useful framework that can be
applied to salt-influenced basins globally. Outcrop examples, however, possess their own set of
uncertainties; exposed examples are often limited in the rock record, largely due to dissolution of
halite forming the core of the salt bodies (Jackson and Hudec 2017). Rare exposures provide sub-
seismic scale facies information for shallow- (e.g., Giles and Lawton, 2002; Giles and Rowan 2012),
deep- (e.g., Poprawski et al. 2014; 2016; Cumberpatch et al. 2021a) and non-marine stratigraphy
(e.g., Banham and Mountney 2013a; b;14; Ribes et al. 2015; 2017). Many field examples are small
in size compared to subsurface basins and therefore provide only small-scale details of, for exam-
ple, sedimentary structures and stratal stacking patterns, rather than the larger, basin-scale tecto-
nostratigraphic context of salt-sediment interactions provided by integrated subsurface datasets.
While useful, each subsurface or field example represents a unique record of the ratio of relative
salt rise and sedimentation rate. Also, subsurface and field examples provide only a snapshot in
time (Figure 4.1). Physical models have an advantage in recreating the evolution of specific sub-
surface analogues (Dooley et al. 2013; 2015; 2020; Dooley and Hudec, 2017; Ferrer et al. 2017,
Roma et al. 2018) and studying sediment gravity flow distribution and evolution adjacent to salt
topography (Gaullier and Vendeville, 2005; Sellier and Vendeville, 2010; Soutter et al. 2021).

A number of remaining questions can be addressed by taking a numerical modelling approach that
allows modification and isolation of the key controls on salt-sediment interactions. These include:
1) How does salt topography influence depositional systems, and thus depositional facies, and how
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does this vary laterally and temporally? 2) How do unconformities, onlap contacts, and faults and
fractures vary in salt-influenced settings? 3) How does sedimentation rate influence the width of
the roof and basin salt-related deformation zones? and 4) How do stratigraphic thinning rates
associated with salt growth vary with sedimentation rate and distance from the salt structure?
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Figure 4.1: Seismic reflection cross-section from the Pierce diapirs, Eastern Central Graben, UK North Sea (located in Fignre
4.12) highlighting some of the key questions and uncertainties of subsurface interpretation in salt-influenced basins. Mapping top
salt, visualizing pinch-outs and onlap geometries in areas of lower-quality data adjacent fo the salt (1), confidently mapping top salt
(2) and studying the lateral and vertical extent of syn-kinematic deformation and sedimentation (3), are challenging. Seismic data
conrtesy of PGS (MegaSurvey Plus 3D seismic data).

4.3 Numerical modelling of salt tectonics

Numerical models have been used in various forms to study different aspects of geologic systems.
Large-strain numerical models have long been used to understand the mechanics associated with
the evolution of regional and crustal systems (Willett et al. 1993; Johnson et al. 2013). The signifi-
cant contribution of numerical methods to salt tectonics is the ability to use representative material
constitutive laws to accurately simulate the behaviour of both salt and wall rocks. In addition,
scaling of numerical models to natural analogues is relatively straightforward compared to physical
experiments. Numerical methods also offer the flexibility to examine the role of a variety of geo-
logical parameters, including depositional history, tectonic loading, and initial basin geometry (INi-
kolinakou et al. 2019). There are two main types of numerical modelling applied to salt tectonics,
namely Discrete Element Modelling (DEM) and Finite Element Modelling (FEM). They each have
different benefits and limitations when used to study salt tectonics. Put most simply DEM deal
with discontinuous problems and FEM deals with continuum problems (Zhu et al. 2008; Ucgul et
al. 2018).
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Recent advances in modelling salt tectonics

Most recent advances in modelling salt tectonics have used Finite Element Modelling (FEM; Fig-
ure 4.2). Such studies have focused on the physical conditions required for the initiation and de-
velopment of diapirism (Figure 4.2; Poliakov et al. 1993; Gemmer et al. 2004; 2005; Chemia et al.
2008; Fuchs et al. 2011; Fernandez and Kaus 2015; Nikolinakou et al. 2017; Hamilton-Wright et
al. 2019; Peel et al. 2020), the stratigraphic architecture of subsiding minibasins (Sylvester et al.
2015; Wang et al. 2017; Fernandez et al. 2020), reconstructing evolutionary history of salt-affected
stratigraphy (Ismail-Zadeh et al. 2001; 2004; Pichel et al. 2017; 2019), and salt-related stress (and
strain) analysis (Figure 4.2; Luo et al. 2012; 2017; Nikolinakou et al. 2012; 2014a; b; 2018; Heidari
et al. 2017).

Finite Element Modelling

In its most basic form, FEM is an approximation method that subdivides a complex problem
space, or domain, into numerous small, simpler pieces (the finite elements) whose behaviour can
be described with comparatively simple equations (Figure 4.2). FEM was originally developed in
engineering to model and analyse complex systems in mechanical, civil, and aeronautical engineer-
ing (Baguley and Hose 1994; 1997). It has, as its foundation, the basic concepts of mechanics, such
as Newton’s laws of motion, conservation of mass and energy, equilibrium, and the laws of ther-
modynamics (Baguley and Hose 1994; 1997; Bathe 2006). FEM can be used, for example, to de-
termine the structural mechanics of parts of a bridge under different loading conditions, the heat
flow through an engine, or the distribution of electromagnetic radiation from an antenna (Zhu et
al. 2008). An important aspect of FEM is how the domain is subdivided. Computer-aided design
(CAD) software is useful in this regard, because it defines the three-dimensional shape of an object
and can easily subdivide the object into appropriately sized elements according to the de-
sired mesh, or three-dimensional grid that defines the elements (Bathe 2006; Zhu et al. 2008).
Depending on the problem to be solved, the mesh can define elements of uniform size and shape
(such as cubes or pyramids), or have elements of different shapes and sizes in different parts of
the domain (Bathe 2006). The strength of FEM lies in its ability to deal with partial differential
equations (Bathe 2006; Zhu et al. 2008).

Finite Element Modelling of Salt Tectonics

Different authors use different FEM approaches in salt tectonics. Lagrangian approaches deal with
individual particles and calculate the trajectory of each particle separately, whereas the Eulerian ap-
proach deals with concentration of particles and calculates the overall diffusion and convection of
a number of cells (Saidi et al. 2014). Gemmer et al. (2004) uses the plane-strain viscous-plastic
finite element model (Langrangian-Eulerian formulation; Fullsack 1995; Willet 1999) to study salt
tectonics driven by differential sediment loading. The model solves the equilibrium force balance
equations for incompressible flows in two-dimensions and is velocity-based, designed for large
deformation fluid Stokes, or creeping, flows (Figure 4.2). Fuchs et al. (2011) use the Eulerian 2D
Finite Difference code (FDCON) to study diapir formation by down-building and examine the
role of sedimentation rate, viscosity contrast, initial amplitude and wavelength (Figure 4.2). This is
based on stream function formulations, and is used in combination with a marker approach based
on a predictor-corrector Runge-Kutta fourth order scheme (Weinberg and Schmeling 1992). Re-
cent geomechanical modelling of salt systems (Nikolinakou et al. 2012; 2014a; b; 2018; Heidari et
al. 2017) have used a transient evolutionary model (ELFEN), which depends on a finite-strain
quasistatic, finite-element formulation, and complemented by automated adaptive-remeshing tech-
niques (Peric and Crook 2004). This model uses both Lagrangian and Eulerian reference frames,
for the mechanical and fluid phases respectively. Fernandez et al. 2019 use a 2D finite element
code (MVEDP) to study the kinematic interactions between minibasins during density-driven sub-
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sidence (Thielmann and Kaus 2012; Johnson et al. 2013). MVEP2 solves the equations of conser-
vation of mass and momentum for incompressible materials with visco-elasto-plastic rheologies.
The code uses a Lagrangian approach, where material properties are tracked by randomly distrib-
uted markers that are advected according to the velocity field that is calculated in a deformable
numerical grid (Kaus 2010). Remeshing of the grid is performed every time step (Kaus 2010). For
preliminary studies authors often use more simplified models and simulation techniques. For ex-
ample, Peel (2014) used a simple Microsoft Excel based arithmetic simulation to investigate the
initiation and growth of salt withdrawal minibasins and the effect of changing initial conditions
and Peel et al. (2020) used a simple, fast, analytical model to study salt diapir down building (Figure
4.2).

FEM often treats the overburden as a continuous frictional-plastic or viscous-plastic material,
which prevents the development of realistic brittle deformation (e.g., fracturing and faulting) in
overburden stratigraphy (Figure 4.1). Most FEM packages currently have limited capacity to gen-
erate faults during simulations, and therefore either have no faults or faults that are pre-defined at
the start of the model simulation (e.g., Heirdari et al. 2016; Nikolinakou et al. 2014; 2018). FEM is
advantageous for studying ductile deformation and salt flow dynamics (Albertz and Ings 2012).
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Figure 4.2: Recent examples of Finite Element Model (FEM) used in salt tectonics. Progradational system deposited over salt
layer after 25 Myr. Salt is grey and sedimentary overburden is light grey (Gemmer et al. 2004). B) Three end member diapir ‘down-
building’ models, from left to right ‘normal’, ‘higher’ and ‘lower’ salt viscosity. Blue is salt and turquoise is sediment. Sedimentation
rate is 0.25 mm/ year thronghout all experiments (Fuchs et al. 2011). C) DRAWIL. numerical model of the formation of salt
withdrawal minibasins. Top image shows the initial conditions, completely flat stratigraphy apart from an initial seed point. Bottom
image shows the generation of six danghter minibasins, due to a cascading of the seed point (Peel 2014 ). D) Overpressure development
in sediments over time during sedimentation and rise of the salt wall in transient analysis after 7 Myr (Luo et al. 2017). E£) Model
developed from an initial long-wavelength salt pillow, after 8§ Myr. Fracture development is suggested above the crest of the salt wall,
and within strained stratal tips above the diapir flanks (Hamilton-Wright et al. 2019).
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Discrete Element Modelling

Discrete Element Modelling (DEM) is a first principal physics method that treats each particle of
a granular bed individually. Each particle is represented through a representative shape and size
that interacts with other particles. These interactions are at the heart of the DEM implementation,
and they are captured through different user-specified material properties (shape and size distri-
bution, density, Young’s Modulus, Poisson’ ratio, adhesion, thermal conductivity, specific energy
for breakage, etc.). DEM is a particle-scale numerical method for modelling the bulk behaviour of
granular materials and many geomaterials such as coal, ores, soil, rocks, aggregates, pellets, tablets
and powders. This method has been applied to simulate and analyse flow behaviour in a wide
range of disciplines including pharmaceutical and process engineering, mechanical engineering,
materials science, agricultural engineering and geoscience (Cundall and Strack 1979; Donzé et al.
1994; Finch 1998; Finch et al. 2003; 2004; Imber et al. 2004; Hardy and Finch 2005; 2006; Zhu et
al. 2008).

Suitability of DEM to Salt Tectonics

The DEM applied here is a discontinuous numerical method, which derives from the Particle
Dynamics Method and Lattice Solid Model (Mora and Place 1993; 1994). DEMs have been suc-
cessfully used in physics and chemistry to study liquid and gas behaviours (Allen and Tildesley
1987; Hardy and Finch 2000). In geoscience, DEMs have been applied in two- and three-dimen-
sions (Longshaw et al. 2009; Finch and Gawthorpe 2017; Deng et al. 2018) to forecast geological
hazards, often associated with mining (Cil and Alshibli, 2012; Thoeni et al. 2014; Lu et al. 2014;
Zhao et al. 2016; Benseghier et al. 2020), to investigate deformation caused by faulting and folding
(Donzé et al. 1994; Finch 1998; Finch et al. 2003; 2004; Imber et al. 2004; Hardy and Finch 2005;
20006; Schopfer et al. 2006; Bellheine et al. 2009; Longshaw et al. 2012; Abe and Urai 2012; Katz
et al. 2014), and to study regional-scale salt tectonics (Pichel et al. 2017; 2019).

DEMs offer advantages over FEM in that scale is not a restriction, complex re-meshing is not
required, and results are easily reproducible. DEMs are fundamentally discontinuous, and there-
fore each element simulates the specific physical properties of a given rock. These conditions make
it a fit-for-purpose method to quantitatively study syn-kinematic deformation.

The contact between each element is treated as a slip surface in DEM and therefore DEM are able
to replicate spontaneous, realistic, localised fault nucleation and growth (Pichel et al. 2017; 2019;
Cumberpatch et al. 2021c;d) and are therefore appropriate for studying the interactions between
salt-related topography, sedimentation, and stratigraphic evolution. DEMs do have limitations,
including the need for careful calibration of element parameters (Abe et al. 2011; Botter et al.
2014), and the limited number of elements and the duration of simulations (Zhu et al. 2008). De-
spite this, DEM provides a quick, efficient and inexpensive method to investigate system evolution
through time (Allen and Tildesley 1987; Donzé et al. 1994; Finch et al. 2003; 2004). It is therefore
possible to test a number of scenarios and collect structural growth and syn-kinematic sediment
thinning rate data during deformation. This helps to improve recognition of the processes involved
with salt-sediment interactions. DEM studies have recently been adapted to salt tectonics so that
elements representing salt behave as viscous-plastic materials (Pichel et al. 2017; 2019; Cumber-
patch et al. 2021c;d). This has allowed for studying regional-scale compressional salt tectonics
(Pichel et al. 2017), the effect of base salt relief on salt flow and overburden deformation styles
(Pichel et al. 2019) and the evolution of stratigraphy adjacent to salt structures (Cumberpatch et
al. 2021¢;d).
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Aims of this DEM study

Here, we use, for the first time, a DEM approach to isolate sedimentation rate from salt rise rate
in order to understand how sedimentation rate effects stratal geometries in salt basins experiencing
diapirism (Figure 4.1). Our ultimate intention was to test the hypothesis that halokinesis can mod-
ulate stratigraphy and mask allocyclic signals. First, we generate a baseline model with no sediment
fill, to determine the effect of salt growth on the early diapiric ‘overburden’ sequence. In line with
recent work (Cumberpatch et al. 2021c), we define ‘early diapiric sequence’ as layers deposited
prior to our simulation, they are discordant to the diapir and thus represent the early diapiric syn-
kinematic strata related to the phase of diapirism that is assumed to have emplaced the diapir into
our model (Jackson and Hudec 2017). We then vary sedimentation rate and patterns to study how
these control the stratigraphic record of halokinesis. The aims of this study are to: 1) investigate
variable syn-kinematic sedimentation rates adjacent to a dynamic salt diapir using a DEM; 2) quan-
tify near-diapir thinning rates and how this is controlled by varying sedimentation rates and pat-
terns; 3) analyse lateral and temporal variation in stratigraphic architecture and 4) compare the
results to subsurface and field analogues to test the validity of our approach and our model pre-
dictions.

4.4 Data and Methods

DEM treats objects as assemblages of circular elements, connected by breakable elastic bonds
through a ‘repulsive-attractive’ force. Elements remain bonded until their breaking separation (de-
fined as the relative strength of the assemblage) is exceeded (Figure 4.3; Donzé et al. 1994; Finch
et al. 2004). Once these bonds break, previously connected elements experience no further ‘attrac-
tive’ force, if these elements return to contact with each other a ‘repulsive’ force acts between
them, preventing the healing of bonds (Figure 4.3; Finch et al. 2003; 2004; Hardy and Finch 2000).
Motion of elements is frictionless and cohesionless with elasto-plastic behaviour (Finch et al. 2003;
Hardy and Finch 2007). Forces are resolved in the x and y directions and elements are subject to
gravity (Fy) (Finch et al. 2003). The equations that define the inter-relationship of all forces acting
on the DEM are:
F, = Fi,n‘VX
F, = Fi.- VY + I,

Where Fi, corresponds to the total elastic force acting on an element, V represents the viscosity
and X and Y correspond to the velocity of the element in the x- and y- directions. A viscous term
is added to counteract the elastic behaviour within a closed system, making it ideal for studying
quasi-steady state tectonic processes (Finch et al. 2004; Pichel et al. 2017; 2019). For a compre-
hensive description of the equations governing DEM, see Mora and Place (1994), Finch et al.
(2003; 2004), and Hardy and Finch (2005, 20006).
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Figure 4.3: Example of the relationships that can exist between a particle i (white) and a neighbonring particle j (purple). x and

_y are the midpoints of the respective particles. The particles are connected throngh their midpoints by breakable elastic springs at a
separation (0;) determined by their relative positions. Red arrows denote the direction of the force exerted on the bond connecting the
particle pair. After Mora and Place (1994) and Finch (1998).

Pichel et al. (2017; 2019) recently used a DEM to examine salt-tectonics for the first time, studying
regional-scale compressional salt tectonics (Pichel et al. 2017), and the effect of base salt relief on
salt flow and overburden deformation styles (Pichel et al. 2019). Cumberpatch et al. (2021c;d)
adapted these models to focus on the modulation of stratigraphy by salt diapir growth. Here, the
elements representing salt were adjusted so they behaved as a viscous-plastic material in order to
represent rock-salt (Pichel et al. 2017; 2019). This requires inter-element interactions to be adjusted
so they behave macroscopically as viscous-plastic materials and deform microscopically by dislo-
cation creep, which is expected for dry rock salt (Spiers et al. 1990; Pichel et al. 2017; 2019). This
does not completely naturally scale to reproduce salt, which typically deforms on a spectrum of
mechanisms including diffusion and dislocation creep (Spiers et al. 1990; Jackson and Hudec 2017;
Pichel et al. 2017), and usually contains traces of brines (Warren 1999; 2000), but is considered a
satisfactory assumption for studying salt tectonics (following the methodology of Pichel et al.
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2017). Pichel et al. (2017) tested breaking separations using biaxial compression tests. Values rep-
resenting tenths of a model unit (e.g., 0.05) develop defined fault segments, and produced re-
sponses typical of brittle materials; these values are therefore used to represent overburden sedi-
ment in this study. Values representing hundredths of a unit (e.g. 0.001), however, show a minor
elastic component (e.g. Fi,a = 0), representing ductile viscous-plastic materials that accumulate
strain without significant stress variations. Consequently, a breaking separation of 0.001 for salt
elements is used in this study (see also Pichel et al., 2017), and other physical (Spiers et al. 1990)
and numerical (Li and Urai 2016) experiments of salt deformation. By using this value, we ensure
salt element motion is entirely controlled by the viscosity and gravity of the system (viscous-plastic
behaviour). The scaled viscosity of the salt is 1.1 x 10’ Pa s, which is lower than its real-world
counterpart (10"7-10" Pa s; Hudec and Jackson 2007; Jackson and Hudec 2017), but works as a
reasonable approximation when compared with physical models (e.g., Vendeville et al. 1995;
Dooley et al. 2009; 2012).

The modelled media in this study consists of a simulated 4.5 km by 1.5 km box, to ensure that the
outer boundaries do not influence the structural evolution of the model centre. The media consist
of an undeformable base and ~44,500 elements with varying radii (0.175-0.35 units, representing
5.25-9.75 metres); these are randomly distributed to reduce failure in preferential orientations
within the matrix. A 150 m-thick salt layer is overlain by nine coloured 150 m thick early diapiric
overburden layers. A salt density of 2.2 g cm™ is used, to mimic a slightly impure halite composi-
tion, comparable to many global salt basins (e.g., Warren 1996; 2006; Hudec and Jackson 2007;
Jackson and Hudec 2017; Grant et al. 2019) and previous models (Pichel et al. 2017; 2019; Cum-
berpatch et al. 2021c¢).

We do not investigate the initial stages of diapir evolution, which have been well-studied elsewhere
(Trusheim 1960; Vendeville and Jackson 1992; Costa and Vendeville 2002; Hudec and Jackson
2007), and instead focus on late stage diapir growth. Therefore, we simplify a complicated three-
dimensional process into a two-dimensional model, where we assume a linear salt wall or radially
symmetric diapir was emplaced by an earlier phase of diapirism; such as assumptions used in other
numerical (Pichel et al. 2017; 2019) and physical models (Davison et al. 1993; Dooley et al. 2009;
2012). This allows us to focus on the coupled deformation-sedimentation characterising the late
stage of diapir growth, when a tall pre-existing diapir may be rejuvenated by compression (not
modelled here) or rise due to buoyancy (active diapirism). During the experiment the diapir is
assumed to grow by passive diapirism (initially by halokinetic active rise; Rowan and Giles 2021),
driven by the pressure of the overburden on the salt source layer and to a lesser extent by the
density difference between the salt and the overlying stratigraphy (Jackson and Hudec 2017). Such
growth can happen in the absence of regional tectonics, although mild far-field compression or
extension, which can enhance deformation rates, are likely in most natural settings (Jackson and
Hudec 2017). Active rise is retarded by roof thickness and strength, and salt viscosity. Therefore,
diapir height must be >66-75% of the surrounding overburden thickness for substantial halokine-
sis to occur and the roof thickness must be <750 m (Schultz-Ela et al. 1993). In adhering to this
rule, we invoke an individual sinusoid, 750 m (base width) wide, 1050 m (70% of the 1500 m
overburden) tall diapir and thus a 450 m roof (Figure 4.4; Supplementary Figure 1, Appendix A).
The diapir geometries used in our models are comparable to those observed in natural examples
(Davison et al. 2000; Jackson and Hudec 2017). Overburden breaking separation (relative strength)
increases with depth linearly from 0.023 — 0.027, in agreement with increasing rock strength with
depth. An overburden density of 2.4-2.6 g cm™is used in agreement with natural and modelled
examples, and increases with depth in accordance with nature (e.g., Dooley et al. 2009; 2012; Fuchs
etal. 2011).
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In nature, diapir growth periods are hugely variable in duration, ranging from 100,000s of years to
100s of millions of years (Jackson and Hudec, 2017). Our focus on late-stage of diapir growth and
using seismic stratigraphic observations from natural examples (Oluboyo et 2014; Grimstad 2016),
and run times of previous numerical models (Pichel et al. 2017; 2019), supports our experimental
run times of 46,000 timesteps with a timestep equivalent to 100 years (4.6 Myr in total). We impose
an upwards motion of 0.023 mm/year, based on North Sea diapirs (Davison et al. 2000) to all
elements representative of salt to mimic diapir growth rate (Figure 4.4); this replicates the volu-
metric salt supply rate (QQ) described by Peel et al. (2020). The diapir grows for 2.2 Myr (22,000
timesteps) to allow it to equilibrate creating seabed or surface topography, prior to the addition of
sediment (Figure 4.5).

Sediment is added from 2.2 Myr with a constant density of 2.3 g cm ~, in agreement with natural
examples of near seabed sediment (Tenzer and Gladkikh 2014; Rider and Kennedy 2018) and a
breaking separation of 0.023. Sediment is added in three 0.8 Myr (8,000 time steps) stages (S1-S3,
Table 4.1). Sedimentation rates in nature are extremely variable (Sadler 1981). Here, the sedimen-
tation rate was vatied between 0.15-0.45 mm/year to match Cenozoic rates measured in the North
Sea (de Haas et al. 1996) and the North Atlantic (Whitman and Davies 1979).

We present results from six experiments: a baseline zero sedimentation model, and five models
with variable sedimentation rates and patterns (slow, intermediate and fast constant sedimentation,
increasing and decreasing). Increasing and decreasing sedimentation rates are used to replicate the
local advance and retreat of depositional sedimentary systems (progradation and retrogradation).
Model set-up and parameters have been rigorously tested (Finch et al. 2003; 2004; Pichel et al.
2017; 2019) and are summarised in Supplementary Table 1 (Appendices A and B).

4 C (1)
450 m 'roof thickness'

Ty

i

Increasing strength
with depth

T T T ?IO,_‘, .

Overburden = BS 0.027,D 2.6 g/cm’ <750 m—>
Salt = BS 0.001,D 2.22 g/cm’
-« 4500 m

—woosL—

Figure 4.4: Initial set up of the DEM (1=0) and key parameters. Initial geometry and rise rates taken from North Pierce diapir
(Davison et al. 2000). See text for discussion and Table 4.1 and Supplementary Table 1(Appendices A and B) for further details.
BS, Breaking separation (relative strength).

Table 4.1: Details of the different sedimentation patterns and rates used in the six experiments. S1-3 refer to sedimentation
intervals.

Sedimentation Interval

S1 S2 S3

(2.2-3.0 Myr) (3.0-3.8 Myr) (3.8-4.6 Myr)
Model | Sedimentation Type [22000 — 30000 | [30000 — 38000 | [3800 — 46000

time steps| time steps] time steps]

Sedimentation Rate (mm/year)
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M1 None 0.0 0.0 0.0

M2 Slow consistent sedimentation | 0.15 0.15 0.15
(Aggradation)

M3 Intermediate consistent sedi- | 0.30 0.30 0.30
mentation (Aggradation)

M4 Fast consistent sedimentation | 0.45 0.45 0.45
(Aggradation)

M5 Increasing sedimentation (Pro- | 0.15 0.30 0.45
gradational)

M6 Decreasing sedimentation | 0.45 0.30 0.15
(Retrogradational)

Model limitations

In addition to considering how modelled rock properties (density, viscosity, breaking separation;
Supplementary Table 1, Appendices A and B) scale to nature it is important to note that these
values are often an oversimplification as they assume homogeneity in a given rock property for an
entire layer (e.g., 4500 m laterally or the entire 1050 m tall diapir). The natural heterogeneity within
stratigraphy, driven by depositional facies variability, differential diagenetic processes and prod-
ucts, and proximal to distal trends, are not incorporated in our models, which are employed to
replicate non-unique stratigraphic variations rather than specific, subtle, unique changes in depo-
sitional character. The complex three-dimensional processes occurring in salt basins are simplified
into a two-dimensional model for this study. Therefore, we assume our models represent a cross-
section through a three-dimensional linear salt wall or radially symmetric diapir (e.g., Pichel et al.
2017; 2019; Cumberpatch et al. 2021¢); this is likely to be an oversimplification based on the com-
plex, often asymmetric, geometries of salt structures (Hudec and Jackson 2007), but allows for the
assumption that salt is continuously flowing in two-dimensions, essentially being fed from out of
the two-dimensional plane (Vendeville et al. 1995; Tvedt et al. 2013; 2016). Modelling in two-
dimensions also assumes that all processes (such as salt withdrawal and stratigraphic bed rotation)
are equal in all directions, which is an obvious reduction in complexity (e.g., Ismail-Zadeh et al.
2004; Dutta et al. 2016; Jackson and Hudec 2017; Mattson et al. 2020; Pichel and Jackson 2020).
This is a suitable assumption in simple models that focus primarily on the role of sedimentation
rate variability on the halokinetic depositional record. In order to prevent circular reasoning, our
model inputs do not attempt to recreate a specific real world diapir, but rather a simplified univer-
sally-applicable structure. The absence of more complicated salt geometries (e.g., salt overhangs
or welds) prevent direct comparison of the models to specific settings with complicated three-
dimensional salt structures (e.g., the Gulf of Mexico). This approach allows the generation of uni-
versal, possibly portable, insights that are applicable to global salt basins. Finally, sedimentation
rates are extremely variable and non-linear (Sadler 1981); thus, when comparing to certain ana-
logues, ‘slow’ and ‘fast’” sedimentation (stated in Table 4.1) should be taken as relative rates rather
than absolute values. Sediments can be deposited above the diapir relief suggesting they are appli-
cable to subaqueous settings, and are assumed to aggrade evenly, preventing direct comparison to
deltaic systems (clinoforms).
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Figure 4.5: Model 3, the intermediate aggradation experiment with a sedimentation rate of 0.3mm/ year. Diapir growth rate is
continuous and constant throughont (0.023 mm/ year). Outputs begin at the start of the experiment during a stage of no sedimenta-
tion (I'=0 Myr, circle SO (sedimentation stage 0)). At T=2.2 Myr (B) the diapir has generated surface topography and sedimen-
tation begins to be added (S0/S1). Subsequent ontputs are generated at 0.4 Myr intervals across the three equal stages of sedinen-
tation (open circles S1-S3) from 2.2 to 4.6 Myr. Active sediment input is constant in stages 1-3 and the boundaries are highlighted
by the grey circle (e.g., T=3 Myr represents the end of sedimentation 1 and the beginning of sedimentation event 2). The final output
is at 4.6 Myr (H), following the final sedimentation from S3. Due to minimal deformation in the outer section of all models, for
clarity, subsequent fignres will focus on only the central 3000 m around the diapir (shown by the grey outline, T=4.6 Myr).
Subsequent fignres are shown at T=4.6 (H).

4.5 Results

The model with intermediate sedimentation rate (M3) is first presented (Figure 4.5) to examine the
relationship between the rates of salt diapir rise and sedimentation. Subsequent sections describe
and compare diapir growth, deformation and stratigraphic architectures across all models (Figure
4.6-4.8; Tables 4.2, 4.3).

Summary of temporal relationship between halokinesis and sedimentation

The initially horizontal basal salt layer thins adjacent to the diapir, and the diapir geometry changes
from initially triangular/sinusoidal to vertically elongated duting evolution (Compare H with A in
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Figure 4.5); this is consistent across all 6 models (Figure 4.5-4.6). Up to 45% thinning of the salt
layer, ~450 m either side of the diapir base, occurs in all final model outputs (Figure 4.5H), and is
accommodated by thinning in the first 2.2 Myr of evolution, as the initial model calibrates for
diapir growth. This thinning appears not to continue throughout the model as the diapir is assumed
to be fed by salt flow from out of plane (in three-dimensions), allowing diapir rise to be maintained,
and preventing welding. The growth of the diapir is accompanied by withdrawal effects in the
adjacent stratigraphy, which is indicated by thinning of the source layer and faulting in the basal
layers (layers 1-3, Figure 4.5; M3 on Figure 4.7B). Salt withdrawal and evidence for upwards salt
growth are shown by the basal part of the diapir narrowing slightly between T=0 and T=2.2 Myr
(0 to 22,000 time steps; A-B on Figure 4.5). Sediment is first introduced to all models after 2.2 Myr
(22,000 timesteps; Figure 4.5B). Up to this time, the diapir has risen such that ‘early diapiric’ layers
4 and 5 are folded during its rise and thin dramatically towards the salt due to structural attenuation,
assumed to be accommodated by layer-parallel slip. The early diapiric sequence, originally overly-
ing the diapir (layers 6-9, Figure 4.5), are passively folded as the diapir rises. This results in ‘post-
depositional’ layer thickening on the flanks and thinning over the crest (Figure 4.5B). Above the
diapir, a topographic high is generated with associated faulting in layers 6-9 observed in T=2.2
Myr (Figure 4.5B). The topographic high influences subsequent sedimentation (layers A-L) and is
the focus of our study of stratigraphic modulation (Figure 4.5C-H).

Sediment is added in Stage 1 (S1, T= 2.2 Myr, 22,000 time steps; Figure 4.5C), filling two salt
withdrawal basins either side of the diapir. For simplicity, following the methodology of Pichel et
al. (2017), the first syn-kinematic layer, Layer A, fills to a flat, standardised base level in all models,
to allow consistent comparison across them and subsequent layers are input by assigned sedimen-
tation rate (in the case of M3, 0.3mm/yr). Later in S1 (T= 3 Myr, 30,000 time steps, Figutre 4.5),
the rate of deposition outpaces diapir rise. Layers extend across the salt rather than onlapping it
(Figure 4.5C, D). Throughout diapir rise, the early diapiric sequence is rotated away from the diapir
crest, thickening in the adjacent depocentres, again assumed to be due to structural layer-parallel
slip. The diapir stem narrows throughout evolution (compare H and A, Figure 4.5). The thinning
of early diapiric layers above the rising diapir continues into S2, where early diapiric Layer 5 ap-
proaches vertical at the salt-sediment interface (Figure 4.5E, ). Upward movement of the diapir
is associated with, and driven by, salt withdrawal underneath the basins, and increased displace-
ment of faults at the base of the model (layers 1-4; Figure 4.5; M3 in Figure 4.7B).

In the final stage (S3), the early diapiric and syn-kinematic stratigraphy thin above the diapir crest,
and are further rotated and thicken into the salt withdrawal basins (Figure 4.5G, H). Faulting is
present above the diapir tip propagating through the early diapiric sequence and into the syn-
kinematic sediment (M3 in Figure 4.7B). Throughout diapir evolution, the dip of the early diapiric
layers increases towards the structure, and thus the overburden anticline steepens and narrows as
sedimentation progresses (compare H with B in Figure 4.5). The deformation in the eatly diapiric
overburden sequence, described here, is similar across all models (M1-6).

The fault furthest from the diapir is taken as the edge of the halokinetically-influenced part of the
succession, which is ~1150 m wide on either flank (from diapir centre to fault edge), resulting in
a ~2300 m zone of diapiric influence, in all scenarios. Outside this zone, eatly diapiric and syn-
kinematic strata appear undeformed. Salt mobility has a limited influence on sediments at the ex-
tremities of M3, which is consistent across all simulations, so in subsequent figures only the central
3000 m is shown (grey box, T = 4.6 Myr, Figure 4.5).

To permit comparison of stratigraphic variability across all models, subsequent figures (Figures

4.6-4.8) present the result of the models (M1-MO0) at the end of the experiment (T=4.6 Myr). In
the following section, we describe and compare diapir growth and roof folding, and stratigraphic
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architecture (Supplementary Figure 1, Appendix B). In each case, we first present and discuss M1,
the case where there is no sediment input for comparison with models in which sedimentation

rate is constant (M2-M4), increasing (M5) and decreasing (MO0).
[b]
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------ Base of sediment \_Fault (extensional) \ Fault (compressional)

Figure 4.6: M1, the model with no sedimentary fill, after 4.6 Myr. Displayed outputs represent the central 3000 mr of the original
output model (located in Fignre 4.5). A) Model ontput, uninterpreted, early diapiric layers are numbered for clarity, and ease of
subsequent discussion. B) Static image of element displacement relative to initial neighbours for M1 after 4.6 Myr (provided for M1-
M6 in Supplementary Figure 2, Appendix B). Cold colonrs represent elements that are in contact with their original neighbonr and
hot colonrs indicate high displacement. This is used to show discontinuities and is a proxy for fanlt location. C) (A) overlain with
(B), interpreted with locations of discontinuities, highlighting the methodology used to interpret structures for all models. Note how
the majority of the internal salt bas remained in connection with its original neighbonring element and the radial fanlts are associated
with salt withdrawal. The maxinmum displacement shows the relative movement of the salt, the neighbouring overburden, and the
high mobility of layers in close proximity to the diapir. Note the lack of deformation outside of the salt withdrawal basin. D)
Interpreted static DEM for 4.6 Myr, faults are taken from discontinuities in (C), and overlain onto (A).
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Figure 4.7: Uninterpreted and interpreted static images of the DEM for M2-M4 (constant sedimentation rate models) after 4.6
Myr. A) Uninterpreted models, sedimentary layers are colonred and assigned letters for easier discussion. Crest, flank and undeforned
labels for M2 reflect the locations of thickness measurements taken to calculate thinning rates, this location is consistent across all
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and laterally, discussed in text.
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sedimentary layers are coloured and assigned letters for easier discussion. Crest, flank and undeformed gones mentioned in text reflect
those shown in M2 (Figure 4.7). B) Interpreted versions of each model. Fault interpretations use displacement from initial neighbour
methodology (see Figure 4.6, Supplementary Fignre 2, Appendix B). Interpretations highlight the width of salt withdrawal basins
(deformed zones), height of diapirs, fault and fracture distributions, stratigraphic thickness variation and variable halokinetic influ-
ence vertically and laterally discussed in fext.

Diapir growth and roof folding

Diapir Rise with No Sedimentation (M1): In M1, the diapir crest rises a total of 425 m, and the
tinal width of the eatly diapiric folded roof, taken from the greatest change in dip in Layer 9, is
961 m (Figure 4.6; Supplementary Figure 1, Appendix B). These values represent the base-case to
compare the effect of different sedimentation rates on the final geometry of the salt structure and
the early diapiric and syn-kinematic stratigraphic architectures (Table 4.2, 4.3; Figure 4.7, 4.06).

Constant sedimentation rates (M2-M4): Under slow (M2), intermediate (M3) and fast (M4)
constant sedimentation rates the diapir rises by 393 m, 363 m and 297 m, respectively (Figure 4.7).
Diapir growth compared to M1 is reduced by 8%, 15% and 30% for the different aggradation
cases, respectively (Table 4.2). The width of the early diapiric folded roof decreases from 961 m in
M1 to 770 m (M2), 760 m (M3) and 734 m (M4), which accounts for 20-24% reduction relative to
M1. Where syn-kinematic stratigraphy is present across the model (i.e., not in M2), the syn-kine-
matic folded roof is measured from the point within Layer F where there is the greatest change in
dip (Supplementary Figure 1, Appendix B). Layer F is chosen as it is the first layer that is laterally
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extensive across all models (M3-6). The syn-kinematic folded roof is 839 m and 890 m wide in M3
and M4, respectively. The syn-kinematic roofs are therefore 110% and 120% greater than the width
of the early diapiric folded roof in the same models (Supplementary Figure 1, Appendix B).

Variable Sedimentation Rates: In M5, under increasing sedimentation rate, the diapir rises by
368 m, a decrease of 14% compared to M1. Under decreasing sedimentation rate conditions (M6)
the diapir rises by 346 m, a 19% reduction when compared to the base case M1 (Table 4.2; Figures
4.8 and 4.10). The early diapiric folded roof width is reduced to ~750 m in both models, a decrease
of 22% compared to M1 (Table 4.2; Figure 4.10). The syn-kinematic folded roof is 723 m and 872
m in M5 and M6, respectively, representing a 4% reduction and 16% increase compared to the
early diapiric folded roof in the same model.

Table 4.2: Comparison of diapir growth and overburden anticline width across all six experiments at T=4.6 Myr. Measurements
are taken from model simulations (Figures 4.4, 4.5 and 4.6). Initial diapir height (1050 m at T=0 Myr) is subtracted from final
diapir height to give diapir growth. M2-6 are compared to M1 to show the percentage reduction that occurs when different amounts
of sediment are added. Early diapiric anticline measurements are taken from the stratal termination of Layer A, in M1 they are
taken from the top of the overburden at the location of the greatest change in dip. For M2-MG6 the width of the overburden is compared
to M1 to show the percentage reduction in overburden anticline width that occurs when different amounts of sediment are added. Syn-
kinematic folded roof measurements are taken from location of greatest dip change in Layer I (Supplementary Figure 1, Appendix
B). Value only calcnlated where layers extend across the entire structure (M3-M6). Ratio of syn-kinematic to early diapiric folded
roof thickness is calculated.

Percentage | Early dia- | Percentage | Syn-kine- Ratio of

Diapir reduction | piric folded | reduction matic syn-kine-
growth compared | roof width | compared | folded roof | matic: eatly

Model (upward to base case | (m) to base case | width (m) diapiric
movement) | (M1) M1) folded roof
(m) (m)

M1, No sedi- | 425 n/a 961 n/a n/a n/a

mentation

M2, Slow sedi- | 393 8 770 20 n/a n/a

mentation rate

M3, Intermediate | 363 15 760 21 839 1.1

sedimentation

rate

M4, Fast sedi- | 297 30 734 24 890 1.21

mentation rate

M5, Increasing | 368 14 750 22 723 0.96

sedimentation

rate

M6, Decreasing | 346 19 753 22 872 1.16

sedimentation

rate

Effect of sedimentation rate on stratigraphic architecture

Here, we discuss the lateral extent, thinning rates, and termination styles of stratigraphy onto the
topographic high for M2-6. In all models, Layer A fills to a fixed base level, and therefore does
not represent the sedimentation rate of S1, so the first layer described is Layer B. Across all models,
Layer A heals the topography. This step reduces inconsistencies with the upper surface of Layer 9
that might influence syn-kinematic sedimentation. This partial healing of topography, which is
comparable to hemipelagic deposition prior to the onset of the active depositional system, allows
for direct comparison across all models (Pichel et al. 2017; 2019; Cumberpatch et al. 2021c¢) alt-
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hough reduces the effect of thinning and folding of subsequent layers (B-L). Stratigraphic archi-
tecture and thinning rates (Table 4.3) are discussed with reference to three points that remain fixed
throughout all models: the crest, flank and undeformed zone (see uninterpreted M2 in Figure 4.7).

Constant sedimentation rates (M2-M4): Syn-kinematic layers (B-L) are not laterally extensive
in M2; this model is defined by slow sedimentation rates. In this case, deposition is restricted to
primary salt withdrawal basins, with no sedimentation occurring over the crest of the early diapiric
anticline. All layers terminate adjacent to the diapir, with the uppermost layers (I —L) onlapping
the remnant topography created by the layers below (Figure 4.7). The entire stratigraphic package
thins by 34%, at a rate of 0.029%/m from the undeformed zone to salt flank, before pinching-out
towards the crest.

In M3, the model defined by intermediate sedimentation rates, the earliest syn-kinematic strata
(Layers B and C) are preserved only in the salt withdrawal basin, offset some distance from the
diapir (Table 4.3). However, in contrast to M2, layers D-L are laterally extensive across the model,
extending across the diapir crest (Table 4.3). The overall stratigraphic thinning for intermediate
aggradation is 55% from undeformed zone to crest, at a rate of 0.037%/m, with over one-third of
this occurring between the undeformed zone and flank, accounting for 19% thinning at a rate of
0.017%/m. Thinning rates of 0.1%/m, totalling 35% stratigraphic thinning (almost two-thirds of
the overall thinning observed across M3) are observed from flank to crest. The thinning rate be-
tween the salt flank and the crest is 6.1 times greater than that between the undeformed section
and the flank (Table 4.3).

In the fast sedimentation model, M4, all layers are extensive across the model except for Layer B
(Figure 4.7; Table 4.3). The overall stratigraphic thinning for fast aggradation is 33% from the
undeformed section to the crest at a rate of 0.022%/m. Over one-third of this total thinning is
between the undeformed section and the salt flank, accounting for 12% stratigraphic thinning at a
rate of 0.01%/m, and the other almost two-thirds occurs between the salt flank and the crest with
a thinning rate of 0.06% accounting for 21% stratigraphic thinning. The thinning rate between the
salt flank and the crest is 5.9 times greater than that between the undeformed section and the flank
(Table 4.3).

Increasing (M5) and Decreasing (M6) sedimentation rates: In M5 (increasing sedimentation
rate), layers B-D represent slow sedimentation and thicken into the salt withdrawal basin by 3.5%
(over 900 m from the undeformed zone; Figure 4.9) at 0.004%/m, before pinching-out toward
the diapir. Layers E-H were deposited under intermediate sedimentation rates. Layer E does not
extend across the model and thins towatds the flank (across 1250 m) by 0.053%/m, before pinch-
ing-out towards the crest (Figure 4.9). Layers F-H extend across the model but thin at 0.045%/m
over 1500 m, from the undeformed zone to the crest (Figure 4.9). Layers I-L were deposited under
the fast sedimentation rate, and are laterally extensive across the entire model (Figures 4.8 and 4.9;
Table 4.3). Thinning rates halve, from 0.032%/m in I to 0.015%/m in L, showing a rapid decrease
in salt influence with time. This reduced modulation of the late syn-kinematic sedimentary se-
quence is a product of increased sedimentation rate (Cumberpatch et al. 2021c). Overall, thinning
in the increasing sedimentation model accounts for 58% total stratigraphic thinning at an average
rate of 0.039%/m; two-thirds of this thinning takes place between the salt flank and the crest,
accounting for 39% stratigraphic thinning at a rate of 0.11 %/m. The remaining third of the thin-
ning occurs between the undeformed section and the salt flank, at a rate of 0.017%/m accounting
for 19% stratigraphic thinning. Thickening of 12% (over 900 m) at 0.014%/m is observed between
the undeformed zone and the withdrawal basin (Figure 4.9). The thinning rate between the salt
flank and the crest is 6.6 times greater than that between the undeformed section and the salt flank
(Table 4.3).
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In M6 (decreasing sedimentation rate), layers B-D represent fast sedimentation. Layer B is isolated
to either side of the diapir and thins between the undeformed section and the flank before termi-
nating towards the diapir (Table 4.3). Layers C and D are laterally extensive. Layers E-H represent
intermediate sedimentation, and are deposited across the entire model. Layers I-L are deposited
under slow sedimentation and are extensive across the whole model, but thin markedly over the
crest (Figure 4.8; Table 4.3). The overall stratigraphic thinning for the decreasing sedimentation
rate model is 52% at a rate of 0.035%/m. Just over one-third of this thinning takes place between
the undeformed section and the diapir flank, accounting for 19% stratigraphic thinning at a rate
of 0.016%/m, and the remaining two-thirds thinning occurs between the flank and crest, at a rate
of 0.097%/m, accounting for 34% stratigraphic thinning. The thinning rate between the salt flank
and the crest is 5.9 times greater than that between the undeformed section and the salt flank
(Table 4.3).

Table 4.3: Comparison of stratigraphic thinning across M2-M6. Bold headings indicate each model and show the total thinning
Sor all stratigraphy, beneath each heading this is divided by sedimentary package. Layer A is excluded as it fills to base level in all
models. Layers are subdivided based on observational differences (e.g., lateral extent across the model) and are broadly grouped into
their sedimentation stage (S1, S2, $3). Percentage thinning and normalised thinning rates (Yo/ m) are shown for U-C (Undeformed
to Crest, t.e., the total model), U-F (Undeformed to Salt Flank) and F-C (Salt Flank to Crest). In layers which do not extend
across the entire model no results exist for U-C and F-C. The final column displays the ratio of the normalised thinning rate between
the Undeformed to Salt Flank and the Salt Flank to Crest sections, to show how much more thinning is observed adjacent to the
diapir. Locations of undeformed, flank and crest measnrements are shown on Figure 4.7, and are the same for all models to ensure
direct comparison.

Model U-C (%) | U-C (%/m) | U-F (%) | U-F (%/m) | F-C (%) | F-C (%/m) | U-F:F-C
Slow (M2) - - 34.4 0.029 - - -
Intermediate | 54.5 0.037 19.2 0.017 353 0.1 1:6.1
(M3)

Layers B & C | - - 26.4 0.023 - - -
[~S1]

Layers D-H 60.1 0.040 14.5 0.011 45.6 0.13 1:10.3
[~52]

Layers I-L 23.2 0.015 6.3 0.005 16.9 0.048 1:8.8
53]

Fast (M4) 32.5 0.022 11.6 0.010 20.9 0.060 1:5.9
Layer B - - 47.0 0.041 - - -
[Early S1]

Layers C& D | 38.4 0.026 12.9 0.011 255 0.073 1:6.5
[Late S1]

Layers E-H 29.7 0.019 8.6 0.007 211 0.06 1:8
[52]

Layers I-L 2.35 0.0016 1.04 0.0009 1.3 0.037 1:4.1
53]

Increasing 58.3 0.039 19.3 0.017 38.9 0.11 1:6.6
(M5)

Layers B-D - - 61.1 0.053 - - -
S1]

Layer E - - 24.8 0.0022 - - -
[Eatly S2]

Layers F-H 60.6 0.040 15.9 0.014 44.8 0.128 1:9.2
[Late S2]

Layers I-LL 21.5 0.014 6.7 0.006 14.7 0.042 1:7.2
53]
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Decreasing 52.4 0.035 18.6 0.016 33.9 0.097 1:5.9
(M6)

Layer B - - 37.4 0.017 - - -
[Eatly S1]

Layers C&D 39.6 0.026 10.3 0.009 29.3 0.084 1:9.3
[Late S1]

Layers E-H 423 0.028 11.4 0.009 30.8 0.088 1:8.8
[52]

Layers I-L. 43.9 0.029 19.5 0.017 24.5 0.069 1:4.1
53]

[Al
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Layer U-C (%) U-C (%/m) | U-SWB (%) | U-SWB(%/m) | SWB-F (%) | SWB-F (%/m) F-C (%) F-C (%/m) | U-SWB:SWB-F:F-C
Entire Model 58.5 0.039 -12.5 -0.014 38.9 0.111 39.6 0.158 -1:3.12:3.18
Layers B-D / -35 -0.004 / / / / /
[SRi]
Layer E / / -13.6 -0.015 70.7 0.202 / / /
[Early SR2]
Layers F-H 68.1 0.045 -16.5 -0.018 32.9 0.094 59.1 0.236 -1:2:3.59
[SR2]
Layers I-L 325 0.022 -1.6 -0.002 9.9 0.029 26.3 0.105 -1:6.07:15.98
[SRs]

Figure 4.9: (A) Interpretation of M5 based on Fignre 4.7. (B) Salt-related stratigraphic deformation, including salt-withdrawal
basin: Crest (C), flank (F), salt-withdrawal basin (SWB), and undeformed (U) represent stratigraphic zones. (C) Excpanded gones.
(D) Thinning rates for U-C, U-SWB, SWB-F, and F-C for stratigraphic packages. Layer A is excluded, as it fills to base level.
Negative values indicate stratigraphic thickening.
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4.6 Summary of halokinetic influence

Diapir growth and roof folding

In our model, we invoke a constant upward movement, or growth, of the salt diapir. Therefore,
our models show how different sedimentation rates can dampen the late-stage growth of diapirs.
The greatest upward movement of the diapir is observed in the model with no sedimentation (M1)
(Table 4.2; Figure 4.10), because in this case there is no roof to resist the upward flux of salt. M1
is taken as the base case. Upward movement (growth) of the diapir is reduced with the addition of
sediment (Table 4.2; Figure 4.7, 4.8), which in essence increases the roof thickness towards the
limit where diapir growth can occur (i.e., diapir height approaches <66% of overburden: Schultz-
Ela et al. 1993). The amount of growth decreases, compared to the base case (M1), with increasing
sedimentation rate (being limited to 70% in M4), showing that sedimentation rate is a key control
on burial of salt topography. This observation is in agreement with existing models (Giles and
Lawton 2002; Hudec and Jackson 2007; Fuchs et al. 2011; Jackson and Hudec 2017; Peel et al.
2020).

We also note that the anticline defining the early diapiric folded roof is widest in M1 and decreases
with increasing sedimentation rate (Table 4.2; Figure 4.10, 4.10). In models which include sedi-
mentation (M2-MO0), the early diapiric roof anticline is 20-24% narrower than in M1 (no sedimen-
tation). The lack of variability in stratigraphic architecture between different sedimentation condi-
tions may imply that sedimentation rate has only a minor control on eatly diapiric anticline width,
with other controls such as salt supply, salt viscosity and regional tectonics (not modelled) being
more important (Koyi 1998; Fuchs et al. 2011). However, the anticline within the syn-kinematic
folded roof is widest in M4, appearing to increase with increasing stratigraphic thickness (i.e., sed-
imentation rate). Syn-kinematic folded roof thicknesses are more variable across the models, be-
cause they are controlled by the sedimentation rate. Increasing syn-kinematic folded roof width
with sedimentation rate supports fold wavelengths being larger for thicker overburdens (Davison
et al. 2000b; Bonini 2003; Hudec and Jackson 2011; Duffy et al. 2018).
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Figure 4.10: Diagrammatic comparison of static 4.6 Myr DEM across all models. Comparison between top salt (solid line), top
of the overburden (dashed line) and top of the sediment (dotted line). The top of sediment is not shown in M1 as none is added. All
cases have a similar top salt outside the deformed zone (shown by a bold black line). Diapir growth and width of the early diapiric
overburden anticline are reduced in M2-M6 when compared to M1 due to overpressure cansed by sedimentation (see Table 4.2).
Grey lines indicate 200 metre divisions vertically. Located on Figure 4.5.

Fault distribution and deformation zone extent

Fault distribution and salt withdrawal basin extent are interpreted using a relative displacement
algorithm, that calculates the nearest neighbour outputs (Figure 4.6; Supplementary Figure 2, Ap-
pendix B). Nearest neighbour outputs highlight the amount of displacement that has occurred
during 4.6 Myr, relative to an element’s initial neighbours; this is used to highlight discontinuities
as a proxy for faults. Fault distributions are broadly similar across all models (Figures 4.6-4.8) and
are summarised here. Numerous predominantly extensional faults, with variable dip directions, are
identified in the eatly diapiric sequence in all experiments. These faults have displacements of
metres to 100’s of metres, with the greatest throws being observed between layers 1-7 (Figures
4.6-4.8). More compressional structures are observed in M4 and M6 compared to the other mod-
els. This corresponds with diapirs experiencing the greatest reduction in growth (Figure 4.7, 4.8;
Table 4.2), and could suggest that localised compressional stresses increase as the diapir is re-
strained beneath early thick sedimentation due to overpressure (Jackson and Hudec 2017). How-
ever, this could also be an artefact of subtle differences in early diapiric and syn-kinematic anticlines
and variations in salt topography. Steep structures appear to develop over the crest of the growing
diapir, but are difficult to decipher in terms of slip style (i.e., normal or reverse) due to the relatively
small number of displaced neighbouring elements. These crestal structures extend into the syn-
kinematic strata (layers A-J) overlying the overburden anticline (M3-MO0); these discontinuities are
largest and extend furthest into the syn-kinematic overburden under greater sedimentation rates
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(compare M4 with M3; Figure 4.7). Away from the crest, in all experiments, layers 8 and 9 are
dominated by small-scale faults that are localised to those layers.

The edge of the salt withdrawal basin is taken as the distance of the furthest faults from the diapir.
These faults are associated with smaller synthetic and antithetic structures (Figures 4.6-4.8). Out-
side this zone the strata are undeformed (Figure 4.6-4.8). The salt withdrawal basin, and associated
deformation zone, is ~2300 m wide in all models, accounting for three times the initial maximum
width of the diapir (Figure 4.6-4.8). The similar extent of the salt withdrawal basin across all ex-
periments suggests that syn-kinematic sedimentation only has a minor control on deformation of
early diapiric layers and structural configuration.

Stratigraphic architecture variability with sedimentation rate

Here, the variability in thinning rate is compared between different models with syn-kinematic
sedimentation. Layer A is excluded from descriptions in all models, and thus from our compari-
sons, as it fills to a linear, instantaneous base level and therefore does not always represent the
sedimentation rate of S1. In the absence of Layer A, more layers would onlap and less would be
laterally extensive across the models as more bathymetry would need to be healed. However, the
inclusion of a consistently thick Layer A across all models enables easier comparison, and could
represent a pelagic drape that partially heals topography prior to the incursion of siliciclastic sedi-
ment. Therefore 11 layers (B-L) are described and compared in Table 4.3.

Under slow sedimentation rate (M2) all 11 layers onlap topography and are not laterally extensive.
Under intermediate sedimentation rate (M3) two layers onlap and nine are laterally extensive. In
fast sedimentation (M4) and decreasing sedimentation (MO6) this rises to 10 laterally extensive layers
and one onlapping layer. Under increasing sedimentation rate (M5), the initial four layers (including
three which are deposited under slow sedimentation) onlap topography and the remaining 7 are
laterally extensive (Figure 4.7). As expected, layers are more laterally extensive under higher sedi-
mentation suggesting that the effects of halokinetic modulation decrease more rapidly upwards
under higher sedimentation rates (Peel et al. 2014; Sylvester et al. 2015; Cumberpatch et al. 2021c¢).
The final stratigraphic thickness is greatest under fast sedimentation rate (M4, 570 m), least under
slow sedimentation rate (M2, 228 m), and at a similar intermediate level for intermediate (M3, 401
m), increasing (M5, 441 m) and decreasing (M6, 382 m) sedimentation rates, logically showing that
net sediment volume is the most important control on sediment thickness (Figures 4.8-4.10).
Opverall stratigraphic thinning, from the undeformed zone to the flank, is greatest under slow sed-
imentation rate (M2, 34% thinning) and least under fast sedimentation rate (M4, 12% thinning)
(Table 4.3). This shows that stratigraphic thinning rates decrease with increasing sedimentation,
suggesting that diapir modulation (thickness and dip variability) decreases quicker under higher
sedimentation rate (Pratson and Ryan 1994; Koyi 1998; Fuchs et al. 2011).

In almost all of the models, the thinning rate is between 5.9 and 6.1 times greater between the salt
flank and the crest than it is between the undeformed section and the salt flank (Table 4.3; Figure
4.12). This rate is higher (6.6 times) under increasing sedimentation (M5), which suggests that salt
structures have greater influence on stratal architecture and thinning rates in models where sedi-
mentation rate is initially slow (e.g., S1 in M5; Giles and Lawton 2002; Fuchs et al. 2011; Giles and
Rowan 2012; Jackson and Hudec 2017).

Whilst the primary mechanism modulating the stratigraphic architecture is stratigraphic thinning,
stratigraphic thickening into basins driven by salt withdrawal at depth must not be disregarded.
Localised thickening into salt withdrawal basins is observed in all models. Such thickening is ob-
served in all models, accounting for 13% of the stratigraphic thickening in M5 (Cumberpatch et
al. 2021¢). This highlights how the presence of a growing diapir can be associated with localised
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additional accommodation (as well as a reduction of accommodation) due to the at-depth evacua-
tion of salt from the source layer to feed the growing diapir, as is evidenced by subtle thickening
into the basin (Figures 4.7 and 4.8). Accommodation reduction over the crest of the diapir is driven
by diapir growth, which is recorded by stratigraphic thinning. Accommodation increases in salt
withdrawal basins are accounted for by stratigraphic thickening and salt migration at depth.

Through time, thickening and thinning are eventually reduced as the halokinetic modulation on
stratigraphy is minimised with the burial of the salt-cored topographic high and its flanking depo-
centres. In all experiments with layers that extend across the entire model, the thinning rate and
bedding orientation change up-section (Table 4.3, Figure 4.11). In M2-M5, a decrease in thinning
rate up-section is observed. Bedding orientations are variable but generally decrease (flatten) up-
wards in M2-5. However, under decreasing sedimentation (M6) an overall increase in thinning rate
up-section is observed (Figure 4.8; Table 4.3), in addition to a slight increase in bedding dip be-
tween layers J, K and L. This suggests that initially thicker layers are less deformed, but that as
diapir growth continues and sedimentation decreases, thin layers are still deformed by topography
associated with rising salt (Giles and Lawton 2002; Hudec and Jackson 2007; Giles and Rowan
2012; Sylvester et al. 2015; Soutter et al. 2019). Overall, halokinetic modification reduces with
increasing sedimentation rate as halokinetic bathymetry is buried. Typically, such alteration de-
creases up stratigraphy, and laterally outwards from the diapir in agreement with outcrop and sub-
surface analogues globally (Figures 4.12, 4.14 and 4.15; e.g., Pratson and Ryan 1994; Giles and
Lawton 2002; Mayall et al. 2010; Giles and Rowan 2012; Kernen et al. 2012; 2018; Banham and
Mountney 2013a; 2013b; 2014; Oluboyo et al. 2014; Poprawski et al. 2014; 2016; Ribes et al. 2015;
Doughty-Jones et al. 2017; Wu et al. 2020; Rodriguez et al. 2020; Cumberpatch et al. 2021b).
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Figure 4.11: Comparison of the flank section stratigraphy across all models with sediment (M2-MG6). See Figure 4.7 for location
of flanfk profile, which is the same across all models. Thicknesses and bedding orientation highlighted. The flank location shows the
most deformation in all models, greatest modulation is observed in M2, and least modulation is observed in M4, generally modnlation
decreases upwards, however in N6 bed dip increases in layers K and L. Models give an indication of the sedimentary thickness and
bed rotation expected adjacent to salt diapirs under different sedimentation rates, aiding prediction of sediment thickness and bed
rotation in the subsurface salt sediment interface.

4.7 Discussion

Salt Models

DEM is not intended as a substitute for FEM, but to complement these approaches in salt tecton-
ics. DEM can replicate localised fault growth, evolution, and propagation (Figures 4.5-4.9, 4.10)
making it appropriate for studying the interactions of halokinesis, stratigraphy, and tectonics
(Pichel et al. 2017, 2019). FEM packages have limited capacity to generate faults during simula-
tions, unless they are predefined (e.g., Heidari et al. 2016; Nikolinakou et al. 2018). DEM treats
the contacts between elements as potential displacement surfaces; this is realistic when studying
areas with multi-scalar salt-related faulting. As well as seismically resolvable faults, outcrop and
borehole data indicate brittle deformation is significant in salt basins (e.g., Koestler and Ehrmann
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1991; Giles and Lawton 2002; Giles and Rowan 2012; Poprawski et al. 2014; 2016; Cumberpatch
et al. 2021b). Our DEM replicates this brittle deformation (Figures 4.5-4.9); as in nature, extreme
thinning and termination of layers are in part accommodated by small-scale displacements. Under-
standing sub-seismic—scale fault distribution is important for predicting reservoir compartmental-
isation and seal integrity in the subsurface. DEM is therefore advantageous due to its replication
of diapir-related brittle deformation, while FEM is useful for modelling salt flow (e.g., Albertz and
Ings 2012).

Halokinetic Modulation of Stratigraphy

In the absence of salt tectonics, loading and compaction are considered to be the drivers for sub-
sidence, and structures are controlled by regional tectonics. Here, we use M5, the increasing sedi-
mentation model, as an example to test the hypothesis that salt tectonics modulates stratigraphy
(Figure 4.9). The undeformed zone shows syn-kinematic strata thicken upwards during an allocy-
clic increase of sedimentation rate (Figure 4.9). Here, salt topography results in stratigraphic onlap
and thickness variations, which are absent in models, or zones, without salt influence (Figures 4.5-
4.9), confirming assumptions from subsurface and outcrop examples (e.g., Davison et al., 2000;
Giles and Rowan, 2012). Lateral variations in syn-kinematic geometry are significant, defining the
relationship between early diapiric and syn-kinematic strata. Syn-kinematic strata (441 m, 2.4 m.y.)
conformably overlie early diapiric strata in the undeformed zone (Figure 4.9C) with no evidence
of salt influence. Sub-parallel strata (496 m, 2.4 m.y.) thicken into the salt-withdrawal basin to form
a subtle, low-angle unconformity over the early diapiric sequence (Figure 4.9C). Syn-kinematic
strata (303 m, 1.6 m.y.) dip at a shallower angle than early diapiric strata, creating an angular un-
conformity at the flank, which is difficult to differentiate from a regional unconformity (Trudgill
2011). Parallel deposition (183 m, 1.4 m.y.) is observed over the crest. Here, the eatly diapiric to
syn-kinematic contact is conformable, but condensed (Jackson and Hudec 2017).

When viewed in isolation (Figures 4.9 and 4.11), the stratigraphic profile across the crestal suggests
that the increasing sedimentation trend occurs later and over a shorter time period than the rest of
the model (i.e. the basal section is missing and the stratigraphic profile is reduced), indicating that
salt growth can modify and mask allocyclic signatures. However, from the undeformed zone to
the crestal regions (lateral distance of ~1500 m), 258 m of strata representing 1.0 m.y. are missing,
as sediment was either not deposited, or it was removed by erosion or failure during growth. This
missing stratigraphy clearly demonstrates the effect of halokinesis on allocyclic signal preservation.
Growing salt is associated with additional accommodation, as evidenced by thickening into salt-
withdrawal basins (Figure 4.9B). Up the stratigraphic section, late syn-kinematic thickness varia-
bility is reduced as halokinetic modulation is also reduced by the increased sedimentation rate,
healing topography (Figures 4.8 and 4.9). Such relationships are assumed in data where strata can-
not be discerned close to the diapir (Pratson and Ryan 1994; Giles and Lawton 2002; Mayall et al.
2010; Giles and Rowan 2012; Kernen et al. 2012; 2018; Banham and Mountney 2013a; 2013b;
2014; Oluboyo et al. 2014; Poprawski et al. 2014; 2016; Ribes et al. 2015; Doughty-Jones et al.
2017; Wu et al. 2020; Rodriguez et al. 2020; Cumberpatch et al. 2021b). Our model confirms this
and predicts lateral and temporal thinning rate evolution and stratigraphic geometries in the pres-
ence of growing salt. This is vital when exploring and developing subsurface energy resources in
crest and flank regions where imaging of overlying and onlapping syn-kinematic strata is difficult
(e.g., Jones and Davison 2014; Charles and Ryzhikov 2015).

Comparison to natural examples

A key challenge for numerical models is ground-truthing against natural prototypes (Oreskes et al.
1994; Burgess 2012). Here, the key findings and predictions from the DEM (Figure 4.12) are com-
pared to published subsurface (Figures 4.13 and 4.14) and field analogues (Figure 4.15) to under-
stand their applicability and limitations.
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Figure 4.12: Schematic interpretations of M2-M6, focussed on the central 2000 m of the syn-kinematic stratigraphy, located in Figure 4.5. Bullet points highlight the key observations specific to each
modelled scenario. Crestal fanlts are simplified from Fignres 4-6 to better visualise syn-inematic stratigraphy.
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Comparison to subsurface: stratigraphy around the Pierce diapirs, Eastern Central Gra-
ben, UK North Sea: Jurassic-Pleistocene syn-kinematic stratigraphy around the north and south
Pierce diapirs, Eastern Central Graben, UK North Sea (Figure 4.13) shows evidence for haloki-
netically-driven changes in bed thickness and dip (Figure 4.14C, 12E; Birch and Haynes 2003).
Pierces’ tectonostratigraphic history spans ~200 Myr and is summarised as Jurassic reactive-active
diapirism, followed by Cretaceous-Cenozoic passive diapirism, and contraction-driven active dia-
pirism during Alpine compression (Scott et al. 2010). Despite a longer-lived and more complex
evolution, the Pierce diapirs show geometrical similarities with several of our DEM results (Figures
4.12 and 4.14). In the Pierce example, stratigraphy is near horizontal ~2 km away from both dia-
pirs, but is upturned adjacent to them, comparable with all model results (Figures 4.7, 4.8, 4.10,
4.12). An average seismic velocity of 2000 m/s was used for approximate depth conversion of the
time-migrated seismic data to calculate thinning rate for stratigraphy adjacent to the Pierce field.
This is an over simplification of seismic velocity, which varies with depth and lithology. However,
it is suitable to give a broad comparison to our modelled values (Supplementary Table 2, Appendix
B). The generation of brittle deformation throughout the Cenozoic stratigraphy over the crest of
both north and south Pierce (Figure 4.14; Carruthers et al. 2013) corresponds to high zones of
relative displacement across the crest of the diapir, in M3-M6, which extend into the syn-kinematic
stratigraphy (Figures 4.7 and 4.8; Supplementary Figure 1, Appendix B). Similar crestal defor-
mation has been demonstrated in physical models (e.g., Davison et al. 1993). Ditferent model
outputs may be applicable to different parts of stratigraphy due to the changing ratio of diapir rise
rate and sedimentation rate. For example, stratigraphic architectures comparable to M2, M3 and
M5 are observed in different stratigraphic packages around the Pierce diapirs (Figure 4.14).

The unique observation from M2 (slow sedimentation) is non-extensive layers that thin towards
and eventually onlap and pinch out against the long-lived, salt-related topographic high (Figure
4.12A). M2 results are analogous to the Top Cretaceous (lime green) to Mid Eocene (red) stratig-
raphy around the Pierce diapirs (Figure 4.14C), which is not laterally extensive across the diapirs
(Davison et al. 2000a; Birch and Haynes 2003; Scott et al. 2010; Carruthers et al. 2013). The Top
Cretaceous — Mid Eocene package, equivalent to S1-S3 in the models, thins significantly towards
both diapirs, before onlapping the flanks (Figures 4.12A; 4.13A and 4.13C). The amount and rate
of thinning reduce through time, from 51% at 0.044%/m in the Paleocene (Top Cretaceous — Top
Lista interpretations) to 21.3% at 0.019%/m between in the Eocene (Tay and Eocene interpreta-
tions (Supplementary Table 2, Appendix B) in agreement with model observations showing thin-
ning rates reducing upwards. These values are similar to the overall thinning of the slow sedimen-
tation model (34%, at 0.029%/m; Table 4.3). Despite this apparent correspondance in thinning
rate values, regional sediment volumes are high throughout the Palacocene (10,000 km®/my; Lui
and Galloway 1997). Specific lithostratigraphic units such as the Forties Sandstone are associated
with ~200 m of sandstone deposited in c. 1 million years (Kilhams et al. 2014; Eldrett et al. 2015).
Sedimentation rates for the UK Palacocene stratigraphy are uncertain, and spatially and temporar-
ily variable around the Pierce diapirs, with rates ranging from 0.085 - 0.4 mm/yr (Liu and Galloway
1997; Kilhams et al. 2014; Eldrett et al. 2015). The lower values are in broad agreement with our
slow sedimentation input values. The upper end, however, indicates intermediate — fast sedimen-
tation rates in our models, which have probably been coeval with very high diapir rise rates to
form an overall geometry typical of slow sedimentation rates (Carruthers et al. 2013). This is fur-
ther evidenced by the steep upturning of stratigraphy adjacent to the diapirs (Figure 4.14C; Giles
and Lawton 2002; Hudec and Jackson 2007). In our model, we isolate and vary sedimentation rate,
whilst in reality the dynamic ratio of sedimentation rate and diapir rise rate control stratigraphic
architecture. It is suggested that during the Paleocene — Eocene sedimentation rates were high, but
diapir rise rates were higher, likely driven by sediment loading (Carruthers et al. 2013) creating a
relative effect of a ‘low sedimentation rate’ akin to our M2.
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In M3 (intermediate sedimentation rates), layers are initially non-extensive (S1), displaying early
onlap and thinning (26.4% at 0.023 %/m; Table 4.3; Figure 9B; 10B) similar to Eocene (orange)
to Oligocene (peach) stratigraphy adjacent to the north Pierce diapir (Figure 4.14), which thin by
16% at 0.014 %/m. Subsequent modelled layers (S2) are extensive but thin towards the diapir high
(60% at 0.04 %/m; Table 4.3), analogous to the Oligocene (peach) to Mid-Miocene (light peach)
across north Pierce (65% at 0.044 %/m; Supplementary Table 2, Appendix B; Figure 11C; Cat-
ruthers et al. 2013). In our model simulations, 65% of the total thinning occurs between the flank
and crestal locations, similar to subsurface observations of 85% of the total thinning around north
Pierce occurring between the flank and the crest. After this initial modulation (S1, S2), subsequent
M3 stratigraphy (S3) records a reduction in thinning rates and halokinetic influence on stratigraphy
upwards (reduction from 60% to 23% total thinning: Table 4.3; Figure 4.12B; 4.12B). This is also
observed, albeit at a less extreme rate, between the Middle Miocene and Pliocene interval around
the Pierce diapirs (reduction from 65% to 49% total thinning; Supplementary Table 2, Appendix
B; Figure 4.14). Much of the excess thinning in the Pierce example, compared to the model, occurs
between the undeformed and flank position (28% of thinning, compared to 6% in M3; Table 4.3).
This is likely due to Cenozoic compressional forces driving diapir growth and upturn of stratigra-
phy (Birch and Haynes 2003; Scott et al. 2010; Carruthers et al. 2013), resulting in a less gradual
reduction in halokinetic alteration upwards with respect to M3. Based on this comparison of the
lateral extent of layers, it is possible to infer that these examples represent intermediate sedimen-
tation rates, relative to diapir rise rate. Sedimentation volumes for the Eocene to Oligocene are
~4000 km’/Myr, lower than for the Top Cretaceous-Eocene. This suggests that overall diapir rise
rate had been slower during the Eocene to Oligocene, with respect to the Top Cretaceous-Eocene
time, giving a stratigraphic architecture typical of lower diapir rise rates relative to sedimentation
rates (Carruthers et al. 2013).

In M5 (increasing sedimentation rate), S1 and early S2 are initially isolated either side of the diapir
in salt-withdrawal basins and onlap salt-cored topography (Table 4.3). Late S2 stratigraphy is ex-
tensive across the model, thinning towards the topographic high, with modulation decreasing up-
stratigraphy (83, Figure 4.12D). When combining the Cretaceous to Eocene (M2 analogue, Figure
4.14) and Eocene to Mid-Miocene (M3 analogue) stratigraphy adjacent to the Pierce diapirs, we
observe an increasing-upwards sedimentation trend overall, relative to diapir rise rate (Den Hartog
Jager et al. 1993; Jennette et al. 2000; Birch and Haynes 2003; Kilhams et al. 2014). The Cretaceous
to Eocene was deposited when sedimentation rate < diapir rise rate, leading to isolation of salt
withdrawal basins, and stratigraphic thinning and upward rotation of onlap towards the diapir
flanks (S1, M5, Figure 4.14D; Carruthers et al. 2013). Rapid thickness changes and pinchouts sug-
gest diapir growth was fastest during the Paleocene—Eocene (Carruthers et al. 2013). The Eocene
— Mid Miocene (S2 equivalents) were likely deposited when sedimentation rates were higher rela-
tive to diapir rise rates, or when salt supply was equal to sedimentation rate (S2, M5, Figure 4.14D;
Carruthers et al. 2013). Subsequent layers (Mid-Miocene — Pleistocene) are broadly extensive
across the diapirs, similar to S3 in M5. The sedimentation volume for this interval is fairly low
(~2000 km®/Myr; Liu and Galloway 1997), so this observed reduction in halokinetic influence
upwards is likely driven by a slowing or cessation of diapir growth rather than being driven purely
by high sedimentation rates (Carruthers et al. 2013). Pliocene to Pleistocene stratigraphy is exten-
sive across north Pierce (52 and S3, M5), but only the Pleistocene is present extensively across
south Pierce, due to differential diapir growth histories and cessations (Scott et al. 2010; Carruthers
et al. 2013). The upwards reduction in sedimentary thinning observed in the increasing sedimen-
tation model (61% in S2 to 22% in S3) is similar to that observed between the Eocene to Mid-
Miocene (88%) and the Mid-Miocene to Pleistocene (18%) in the subsurface example, highlighting
the potential applicability of the results from our models. While these subsurface thinning rates
are similar to our models, it is important to note that our models do not take into account erosion,
ot periods of non-deposition once sedimentation begins at 2.2 Myr. Therefore, in nature ‘apparent
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thinning rates’ could actually be derived from periods of erosion, removing stratigraphy and gen-
erating halokinetic unconformities. This is particularly noticeable at the Mid-Miocene unconform-
ity where ‘thinning’ is at least partly accommodated by Cenozoic compression rejuvenating diapir
growth and increasing diapir rise rate, causing erosion of the diapirs overburden, without variation
in sedimentation rate (Carruthers et al. 2013). Our models generate realistic halokinetic uncon-
formities, with variable bedding orientations between the early diapiric sequence and the syn-kin-
ematic sequence due to a period of uplift and non-deposition prior to the commencement of sed-
imentation (Figure 4.11).

In nature, halokinetic sequence architecture is controlled by the dynamic ratio between sedimen-
tation rate and diapir rise rate (e.g., Giles and Rowan 2012; Pichel and Jackson 2020), such that an
‘apparent’ increase in sedimentation (reducing halokinetic influence upwards) could represent a
slowing of diapir growth due to regional tectonic quiescence or depletion of the salt source layer.
Our observations and comparison to DEMs with variable sedimentation rates, are consistent with
diapir rise to sedimentation rate ratios derived from halokinetic sequence studies (Carruthers et al.
2013). The role halokinesis plays in shaping the stratigraphic architecture of the north and south
Pierce diapirs is reduced from the Oligocene and Pliocene respectively, due to source layer deple-
tion, resulting in halokinetic bathymetry being gradually buried (Figure 4.14; Birch and Haynes
2003). Integration of, and comparison between DEM and subsurface data, demonstrates the im-
portance of understanding local (salt layer variations) and regional (tectonic and sedimentation
rate) controls when disentangling salt basin evolution.
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Figure 4.14: Subsurface exanmple of model application comparing some of the modelled results to stratigraphy from the Pierce Field,
Eastern Central Graben, UK North Sea. A, B and D) Models 2, 3 and 5 which are analogous to different parts of the stratigraphy
around the Pierce diapirs. C) Interpreted time-migrated seismic profile across the Pierce diapirs. $1, $2, 853 highlight the likely
sequences for comparison to models. The colonr of the text represents which model those packages conld represent (e.g., red represents
M35). The location of the undeformed, flank and crest stratigraphic locations used for thinning rate calculations are shown for north
Pierce, and are the same spacing as those used for model caleulations (Figure 4.7; Table 4.3). Thinning values are calenlated in
Supplementary Table 2 (Appendix B). Seismic data courtesy of PGS (MegaSurvey Plus 3D seismic data) from Cumberpatch et
al. (2021¢).

Comparison to outcrop: stratigraphy around the Bakio diapir, northern Spain: The model
simulations presented here document stratigraphic architectures and structural deformation, but
do not invoke a specific sedimentary environment. Different compositions (e.g., carbonate or si-
liciclastic) and sedimentary environments (e.g., fluvial or deep-water) will respond differently to
salt influence (Adams and Kenter 2012). In our models, slow sedimentation (M2) leads to the
natural exposure of the early-diapiric sequence above the diapir in the absence of a syn-kinematic
cover or roof (Figure 4.7). This is likely to be common in marginal marine or terrestrial environ-
ments where the crest is often documented to be exposed, eroded and reworked into the syn-
kinematic succession (Giles and Rowan 2012; Banham and Mountney 2013 a; b; 2014; Ribes et al.
2015; 2017; Counts and Amos 2016; Counts et al. 2019). As long as accommodation is available
(i.e., below sea level) in deep-water environments there will almost always be a pelagic drape across
the crest of the diapir, while sandstones remain limited to the flanks (Rowan et al. 2003; Giles and
Rowan 2012; Poprawski et al. 2014; 2016; Cumberpatch et al. 2021b). Our models are applicable
to all depositional environments, but fundamental controls on depositional architecture (accom-
modation, sedimentary processes) must not be overlooked. Below, we compare the observations
of M5 (increasing sedimentation) to a well-exposed halokinetically-influenced deep-water succes-
sion, and describe how integrating DEM results with outcropping examples can help reduce un-
certainty in subsurface energy reservoir prediction.

Exposed Aptian-Cenomanian strata adjacent to the Bakio Diapir, northern Spain document an
increase in sedimentation rate associated with an increase in erosion of the hinterland (Figure 4.15;
Garcia-Mondéjar 1996; Martin-Chivelet et al. 2002; Puelles et al. 2014), similar to M5 increasing
from ‘slow’ to ‘fast’ relative sedimentation (Figures 4.8 and 4.12D).The resulting progradational
pattern manifests in the deep-water succession as an upward change from thin-bedded low-density
turbidites, deposited in the lobe fringe, (equivalent to S1) to thick-bedded high-density turbidites
deposited in a lobe axis (equivalent to S3) (Cumberpatch et al. 2021b). Early diapiric (the Urgonian
Group: Figure 4.15) and syn-kinematic (the Black Flysch Group) depositional elements are de-
formed closest to the diapir, and deformation intensity decreases away from the diapir, being min-
imal outside the halokinetically-influenced sequence (~700 m wide either side at Bakio); this ob-
servation is consistent with the predictions of our model (Figures 4.8 and 4.15). Outside the zone
of halokinetic deformation, strata look similar to those deposited in an unconfined, salt-free set-
ting, in terms of their architecture and facies distributions (e.g., Prélat et al. 2009: Figure 4.15D).

The Aptian-Albian is initially isolated either side of the diapir, representing relatively slow sedi-
mentation rates with respect to diapir growth. Individual thin beds representing distal deposition
are observed to thin (by up to 1%/m; Figure 4.15E) and pinch out towatds the salt-cored topo-
graphic high, in accordance with layers A-D in the increasing sedimentation model (S1, Figure
4.15) or the entirety of the slow sedimentation model (M2) (Cumberpatch et al. 2021b;c). At Bakio,
different sediment routing systems develop when stratigraphy is restricted to either side of the
diapir due to varying controls on deposition (Cumberpatch et al. 2021b). Under increasing sedi-
mentation rates, the Albian-Cenomanian (Black Flysch Group: Figure 4.15) stratigraphy is laterally
extensive, representing ‘intermediate’ sedimentation conditions in our model (82 in M5 and the
entirety of M3), but in nature both representing an increased sediment supply from the Landes
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Massif (Garcfa-Mondéjar 1996; Martin-Chivelet et al. 2002; Puelles et al. 2014) and a reduction in
salt rise rate (Poprawski et al. 2014; 2016; Roca et al. 2021). In the field, this stratigraphy shows a
reduction in the numbers of mass transport deposits (MTD) upwards, which cannot be resolved
in the models, but can be compared to the decrease in stratigraphic dip upwards (from 12° to 2°
between layer E and I, Figure 4.11), reducing instability. The lower Black Flysch stratigraphy show
a reduction in halokinetic deformation and thinning rate upwards (S2) that is comparable to mod-
elled results, where thinning rates decrease from 0.053 — 0.006%/m through time. Eventual dep-
osition of the upper Black Flysch Group, across the diapir, akin to relatively ‘fast sedimentation’
in our model (83 in M5 or the entirety of M4) heals the remnant diapiric topography, and shows
almost no halokinetic influence (in similarity to layers I-L in the increasing sedimentation model),
except for its depositional location within remnant diapiric topography (Cumberpatch et al. 2021c¢).
The relative increase in sedimentation rate at Bakio is driven primarily by an increase in sedimen-
tation supply due to the uplifting source area, which is comparable to M5. However, a coeval
reduction of salt supply due to welding between the Bakio and Guernica diapirs cannot be ruled
out (Poprawski et al. 2014; 2016; Cumberpatch et al. 2021b; Roca et al. 2021).

In the syn-kinematic stratigraphy, particularly those equivalent to S2 in M5, thick-bedded sand-
stones deposited in channels and lobes dominate topographic lows, where sedimentary flows were
focussed around salt-cored topographic relief (Figure 4.15D; Mayall et al. 2010; Sylvester et al.
2012; Doughty-Jones et al. 2017; 2019; Rodriguez et al. 2020). Towards the highs, the lower-den-
sity part of the flows may run-up topography depositing thinly-bedded muddier sandstones to-
wards the pinch out (Figure 4.15E; Kneller and McCaffrey 1999; Soutter et al. 2019). At Bakio,
crestal deposition is assumed to be limited to a thin pelagic drape during S1 and much of S2 due
to elevation, which is comparable to M5, often leading to remobilisation and the formation of
MTDs. MTDs are not explicitly modelled in the models, showing the importance of combining
facies information from field observations with stratigraphic architecture and thinning rates from
models. During S3 halokinetic bathymetry is healed, and crestal deposition is extensive, with min-
imal modulation (the upper Black Flysch Group).
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Figure 4.15: Conceptual facies diagram for a deep-water succession based on integration of field-based facies analysis around the
Bakio diapir, Basque Cantabrian Basin Northern Spain (see Cumberpatch et al. 2021b for summary), overlain onto the result of
MS5. A) Interpretation for deep-water facies (based on field facies analysis) overlain on the upper part of the increasing sedimentation
model (located on Figure 4.8). Syn-kinematic layers from the model are grouped (S1-S3) and colonred and depositional elements
derived from field studies are overlain to show facies variability. H and N are theoretical stratigraphic profiles in the halokinetically-
influenced and non-halokinetically-influenced zones respectively. B) Location map of the field analogue, for a full geological discussion
see Cumberpateh et al. in 2021b (Chapter 3). C) Outeropping Triassic evaporites on Bakio Beach, believed to be part of the Bakio
Diapir. D) Non-halokinetic succession showing a classic progradational deep-water system (controlled by allogenic and antogenic
processes), accompanied by an example of non-balokinetically influenced strata from the field. E) Halokinetic stratigraphic profile
showing a thinner, modulated succession which is rich in MTDs, accompanied by a field analogne of an outcrop-scale bed pinch-ont

and an overlying MTD.
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Implications for subsurface energy

Despite advances in extent and resolution of 3D seismic reflection imaging, the salt-sediment in-
terface remains difficult to image, yet determining its position and precise geometry is crucial in
helping to appraise stratigraphic-structural traps for hydrocarbon, carbon storage, and geothermal
prospects globally (Jones and Davison 2014; Warren 2016). Utilising outcrop analogues (Figure
4.15) can help provide sub-seismic scale depositional facies information, helping reduce uncer-
tainty in reservoir quality and distribution. Numerical modelling results do not represent specific
analogue conditions nor a ‘snapshot’ in time, and they can therefore help to quickly identify generic
depositional architectures, deformation patterns and sediment thickness relationships as a function
of several forcing parameters, such as variations in sedimentation rates.

Using stratigraphic architectures from our DEM and sedimentological data from field examples,
we can improve predictions of the likely architecture of syn-kinematic stratigraphy and sedimen-
tology around salt structures, which are poorly-imaged in seismic reflection data. Understanding
this requires a multi-scalar and multi-technique approach. For example, models provide details
about gross thickness changes and geometry, whereas field analogues enable inferences about res-
ervoir quality and net-to-gross.

Depositional reservoir quality: Regardless of the amount of sedimentation, our models show
that stratigraphy thins as it approaches the diapir, suggesting a reduction in the amount of net
reservoir close to the structure (Figure 4.11; Jackson and Hudec 2017). Siliciclastic depositional
environments show a thinning of sandstone towards the topographic high and an overall concen-
tration of units with high porosity and permeability at the base of topography (Figures 4.15A and
4.15D), such that a salt-related combined structural-stratigraphic trapping mechanism becomes
unlikely (Figure 4.16; Kane et al. 2012; Stricker et al. 2018). Muddier (lower reservoir quality) and
thinner (lower net-to-gross) units are expected closer to the diapir (Figures 4.11 and 4.14-4.16);
Banham and Mountney 2013; Cumberpatch et al. 2021b). These units are more likely to be over-
pressured due to upward rotation, creating a large pressure head, with the topseal rocks unable to
hold back a significant hydrocarbon column (Figure 4.15; Nikolinakou et al. 2014a; b; 2018; Hei-
dari et al. 2017; 2019). In carbonate environments, shallow platform or reef facies which may have
excellent reservoir potential are often present over salt highs (e.g., Riding 2002; Burgess et al. 2013;
Teixell et al. 2017). As salt growth continues, fractures are generated in the overburden, which
could form significant secondary porosity within the carbonate reservoirs, increasing quality and
producibility (He et al. 2014; Howarth and Alves 2016; Saura et al. 2010).

Supplementing subsurface data with modelled stratal architectures and depositional facies obset-
vations from exhumed halokinetically influenced settings globally (e.g., Banham and Mountney
2013a; 2013b; 2014; Poprawski et al. 2014;2016; Counts and Amos 2016; Ribes et al. 2015; 2017;
Counts et al. 2019; Cumberpatch et al. 2021b) is recommended as a useful workflow for building
reservoir models for salt basins with limited data. Observations from multiple scales and types of
models can be combined to further reduce the uncertainty associated with reservoir quality pre-
diction, for example recent finite element modelling (FEM) has shown porosity is lower than ex-
pected near the vertical parts of salt structures and higher than expected at the base of diapirs, due
to mean principal stress variations (Nikolinakou et al. 2014).

Halokinetic zonation: Model results show that a deformation zone exists either side of the diapir
in all experiments (Figure 4.6-8). Outside of this zone, the syn-kinematic and early diapiric stratig-
raphy are undeformed (Figure 4.16). The extent of this salt withdrawal basin is 1150 m on either
side of the diapir (2300 m in total). Therefore, the total zone of halokinetic influence in all models
is approximately three times the original diapirs’ maximum width (750 m), with a deformed zone
of 1.5 diapir widths either side of the structure. The width of the deformation zone is comparable
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across all models (Figure 4.10), and therefore it is shown that sedimentation rate is unlikely to have
a significant control on the width of the zone of halokinetic influence (Giles and Rowan 2012;
Hearon et al. 2014). Other factors such as salt supply, salt viscosity, and style and magnitude of
regional tectonics (which are not modelled) will in nature, influence the width of the halokinetically
deformed zone (Koyi 1998; Fuchs et al. 2011). The model can be further divided into zones based
on onlap geometry and thinning rates, which highlight the ‘trade off” between reservoir thickness
and stratigraphic trap potential in subsurface plays (Figure 4.16). In flank locations, bedding dips
and thinning rates are shown to be greater under slower sedimentation rates compared to higher
ones (Figure 4.11; Table 4.3), which is important when predicting hydrocarbon column height.
Significant overpressures on reservoirs below can be created by fast sedimentation rates (Figure
4.16; Peeters et al. 2018).

Fault distribution: Radial faults associated with salt diapirs are shown to cause compartmentali-
sation of reservoirs (Birch and Haynes 2003; Scott et al. 2010; Charles and Ryzhikov 2015; Peeters
et al. 2018; Coleman et al. 2018). Our DEM replicates localised fault growth, evolution and prop-
agation because the contacts between elements are treated as potential displacement surfaces. Our
models all document a similar fault pattern, suggesting that faulting, and therefore fault compart-
mentalisation is not heavily influenced by sedimentation rate. However, sediment composition
(e.g., sandstone versus mudstone, not modelled here) will influence structural compartmentalisa-
tion (Coleman et al. 2018). As well as seismically resolvable faults, outcrop and borehole data
indicate brittle deformation is significant in salt basins (e.g., Koestler and Ehrmann 1991; Cum-
berpatch et al. 2021b). Our DEM replicates this brittle deformation (Figures 4.6-4.8); as in nature,
extreme thinning, and termination of layers is in part accommodated by small-scale displacements.
Understanding sub-seismic scale fault distribution is important for predicting reservoir compart-
mentalisation and seal integrity in the subsurface. Faults, when sealing, could act as lateral perme-
ability barriers, especially if the faults and surrounding reservoir rocks become cemented with salt
and salt-related breccia (Van Bergen and de Leeuw 2001; Li et al. 2017). DEM is therefore advan-
tageous in predicting potential traps, conduits and baffles, due to its replication of diapir-related
brittle deformation.
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Example of Halokinetic Zonation (M3)
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Figure 4.16: Halokinetic zonation scheme shown for M3. The model is divided into 5 zones, 4 of which experience some form of
halokinetic influence. Minimal deformation zones 1 and all stratigraphy outside of it show virtually no modulation by salt diapirism.
Halokinetic influence increases towards the diapir-cored high, and changes from minor thickness changes in the ‘withdrawal basin’
gone to onlap and abrupt pinch ont in the ‘onlap’ and salt flank’ gones. Thinned and reduced stratigraphy are observed over the
diapirs crest. The table highlights that while stratigraphic trap quality may be greater closer to the diapir, reservoir thickness and
quality are likely higher further from the diapir, showing a ‘trade-off’ exists for subsurface energy exploration and production. Similar
gonation is possible for all models.

4.8 Future work

The DEM presented here is useful for predicting local trends around diapirs and studying generic
interactions of salt structures and stratigraphy, but further work is required to recreate specific
complicated salt geometries. Other suggestions for further development of this model are to in-
corporate reactivation and cessation of halokinesis, studying the impact on stratigraphic architec-
tures and the development of halokinetic unconformities, due to periods of diapiric rejuvenation,
uplift, erosion and non-deposition. Incorporating erosion and remobilisation into the model would
also more realistically represent natural settings where entrainment and failure influences thickness
patterns, stratigraphic architectures and can remove the diapiric roof. Another line of enquiry
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would be to study salt geometry evolution under different salt thicknesses. In nature, salt diapirs
are rarely isolated structures, and therefore subsequent studies will focus on the interaction of
multiple salt structures, with numerous growth histories on varied sedimentary successions. Many
of the limitations of the model, are due to its two-dimensional nature. The ultimate aim of future
work is developing a three-dimensional DEM to better understand the four-dimensional variability
in halokinetically-influenced stratigraphy and associated subsurface energy reservoirs.

4.9 Conclusions

Discrete element modelling (DEM) can form an integral part of the workflow when studying salt-
sediment interactions. Here, a DEM is used to study the variability in stratigraphic architecture
and deformation patterns around a growing salt structure under different sedimentation rates. This
work has shown that:

1) A DEM approach can be employed to test different scenarios for the development of
halokinetic stratigraphy and fault patterns.

2) The models generate realistic salt-related faults. In all models, structural deformation and
extent of halokinetic influence are similar, and syn-kinematic strata, at least initially, are
isolated to either side of the diapir, thinning and onlapping towards the high. Laterally, we
observe a zone of 1150 m to either side of the diapir that is influenced by halokinesis, and
beyond this zone, strata are undeformed.

3) Under slow sedimentation rate (M2) deposition is restricted to salt withdrawal basins either
side of the diapir throughout evolution, while in M3-M6 sedimentation eventually occurs
over the diapir crest, often associated with significant lateral thickness variability. Diapir
growth is most inhibited under fast aggradation (M4) and the halokinetic influence on
stratigraphy reduces quickly with time.

4) Thinning of syn-kinematic stratigraphy from the undeformed section to the diapir flanks,
is greatest under slow aggradation (M2, 34%), and least under fast aggradation (M4, 12%).
In all models, thinning is about six times greater between the salt flank and crest, compared
to the undeformed section and the salt flank, indicating more intense deformation close to
the diapir.

5) Thinning rate decreases through time (up stratigraphy), showing a reduction of halokinetic
modulation with increased sediment thickness, as halokinetic bathymetry is ‘healed’. This
is true for all models except for decreasing sedimentation (M0), which experiences a slight
increase up stratigraphy.

6) Our simplified two-dimensional models provide useful analogues for salt-influenced ba-
sins with complicated four-dimensional evolutions. Natural examples record the interplay
between sedimentation rate and diapir rise rate, whilst models isolate and vary sedimenta-
tion rate. Comparison to the Pierce field diapirs, North Sea, shows how different models
can be applicable to distinct parts of stratigraphy and suggest how interpreters could infer
likely sedimentation rates and conditions from subsurface stratigraphic geometries.

7) Facies, and thus reservoir distribution, around salt diapirs will vary from unconfined set-
tings due to halokinetic modulation, both vertically and laterally. A deep-water analogue
from stratigraphy adjacent to the Bakio diapir, shows that halokinetically influenced facies
(e.g., the salt flank) contain thin beds, sandstone pinch-outs and increased mass transport
deposits in comparison with the allogenic deposits (e.g., the undeformed zone), which are
difficult to decipher from deep-water strata in non-salt influenced settings.

8) Integrating DEM with subsurface and outcrop data helps to reduce reservoir and trap
uncertainty in subsurface energy exploration and development.
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Chapter 5: How confined is confined? An investigation into the effect of
diapir-induced topographic spacing on deep-water sediment dispersal in
the Paleocene Eastern Central Graben (ECG), UK
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5.1 Abstract

The influence of salt tectonics on deep-water depositional systems remains challenging to study.
We use data from the Eastern Central Graben, UK, and numerical modelling, to study stratigraphic
modulation by variably-spaced salt diapirs. Depositional facies are controlled by the amount, type
and spacing of diapiric, and overarching graben topography. We use 11 natural (1000-15000 m)
and six modelled (1500-9000 m) variably spaced diapirs to show that stratigraphy associated with
closely-spaced diapirs (<3000 m) is deformed between them. In widely-spaced diapirs (>3000 m),
a flat, plateau-like zone is developed between the deformation zones, where halokinetic-modula-
tion is reduced. Modelled stratigraphy experiencing no deformation is a simplification of natural
examples which are likely to be influenced by subtle topography (e.g., non-piercing diapirs). Salt-
influence on stratigraphy typically decreases temporally following active growth, and spatially away
from the diapirs towards a zone of ‘minimal deformation’, unless the diapirs are closely-spaced
where there is no minimal deformation zone. Here, the zone between is subject to deformation.
Diapir spacing controls the presence, extent and width of the minimal modulation zone between
the salt diapirs, suggesting that for subsurface energy prospects between closely-spaced diapirs,
combined stratigraphic-structural trap potential is probable, but reservoirs may be laterally-con-
fined, whilst between widely-spaced diapirs, reservoirs may be extensive, but trapping mechanisms
may be limited. Prospects may be influenced by subtle salt-related topography 10s of kilometres
away from diapirs.

5.2 Introduction

Many of the world’s largest petroleum producing provinces are located within basins whose fills
are deformed by salt-tectonics (e.g., Ziegler 1992; Coward and Stewart 1995; Davison et al. 2000;
Booth et al. 2003; Oluboyo et al. 2014; Charles and Ryzhikov 2015; Stewart 2017; Rodriguez et al.
2018, 2020; Grant et al. 2019a, 2019b, 2020; Pichel et al. 2020). Recently salt basins have become
attractive prospects for carbon and hydrogen storage (e.g., Maia de Costa et al. 2018; Roelofse et
al. 2019; Lloyd et al. 2021) and geothermal energy (e.g., Harms 2015; Daniilidis and Herber 2017;
Andrews et al. 2020).

Subsurface studies have shown that salt structures that deform the seafloor can exert substantial
control on the location, pathway, and architecture of deep-water depositional elements including:
lobe, channel-fill, levee, and mass-transport deposits (Figure 5.1: e.g., Mayall et al. 2006, 2010,
Jones et al. 2012; Doughty-Jones et al. 2017;2019; Wu et al. 2020; Howlett et al. 2020). Sediment
gravity flow deposits ponded, diverted, deflected, and confined by salt structures (Figure 5.1) are
well documented in the eastern Mediterranean (e.g. Clark and Cartwright 2009; 2011), offshore
Angola (e.g. Gee and Gawthorpe 2006; 2007; Howlett et al. 2020), the Gulf of Mexico (e.g. Booth
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et al. 2003), offshore Brazil (e.g. Rodriguez et al. 2018, 2020), the North Sea (e.g. Davison et al.
2000; Kilhams et al. 2012; 2014; 2015; Mannie et al. 2014) and the Precaspian Basin (e.g. Pichel
and Jackson 2020).

Salt-influenced successions are often poorly-imaged in seismic reflection data due to ray path dis-
tortion at the salt-sediment interface, steep stratigraphic dips, and deformation associated with salt
rise (Davison et al. 2000; Jones and Davison 2014). These complications mean that subsurface
salt-influenced systems benefit from calibration to outcrop analogues (Lerche and Petersen 1995;
Kernen et al. 2012; 2018; Poprawski et al. 2014; 2016; Counts et al. 2019; Cumberpatch et al.
2021b), numerical models (e.g., Fuchs et al. 2011; Weijermars et al. 2015; Pichel et al. 2017; 2019;
Fernandez et al. 2020; Cumberpatch et al. 2021¢; 2021d) and physical models (Dooley et al. 2005;
2007; Ferrer et al. 2012; 2017; Soutter et al. 2021). Unfortunately, outcrops are often incomplete
and models simplified. Therefore, deciphering the controls on sediment distribution (e.g., haloki-
netic versus allocyclic) remains challenging without good control on the regional tectono-strati-
graphic evolution (Doughty-Jones et al. 2019).

The lateral influence of salt diapirism on deep water sedimentation is poorly understood. Sedimen-
tation immediately adjacent to salt topography (within 1500 m), has been shown to respond to salt
movement (Giles and Rowan 2012; Banham and Mountney 2013a; b; 2014; Ribes et al. 2015;
Cumberpatch et al. 2021b). Between closely-spaced (~1000 m apart) rising diapirs, such as the
Pierce Diapirs in the UK North Sea, stratigraphy is clearly deformed (Birch and Haynes 2003;
Scott et al. 2010; Hale et al. 2020). Between two wider-spaced diapirs, a central zone where depo-
sitional systems experience lower halokinetic influence has been observed (Mayall et al. 2010; Olu-
boyo et al. 2014; Doughty-Jones et al. 2017). When diapirs are ~10000 m apart, the stratigraphy
between is more strongly influenced by other factors (faulting, original salt geometry etc.) rather
than diapir growth, shown in the southwestern Lower Congo Basin, offshore Angola (Oluboyo et
al. 2014). Questions remain about how diapir spacing and morphology influences the geometry of
depositional systems and how depositional systems respond to subtle topography between salt
structures (Figure 5.1). In the Central North Sea, and other salt basins globally, improved under-
standing of the lateral spacing of diapirs relative to depositional systems is essential for reservoir
prediction and production, for example, in order to efficiently sweep hydrocarbon fields (Chatles
and Ryzhikov 2015) or to understand capacity and containment for carbon sequestration.

This study uses a wealth of subsurface data from the well-studied salt-influenced Paleocene basin
floor system in the Eastern Central Graben (ECG) of the UK North Sea, to study deep-water
facies and architecture distribution around diapirs, and the effects of lateral spacing of salt diapirs
on halokinetic modulation of stratigraphy. The aim of this study is to aid prediction of reservoir
architecture in subsurface energy production and carbon sequestration. As such, the objectives of
this study are to: 1) analyse salt-influenced deep-water facies and characterise their distribution in
terms of halokinetic or allocyclic influences; 2) compare stratigraphic architectures between varia-
bly-spaced salt structures; 3) describe the extent of halokinetically-modified stratigraphy between
different distances of confinement. To achieve these objectives, we firstly use an integrated multi-
scalar dataset to study the distribution and controls on the distribution of facies and architectures
around salt diapirs. Secondly, we compare the modification of deep-water stratigraphy between
variably spaced diapirs in the subsurface to the results of a simple two-dimensional discrete ele-
ment model (DEM).
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Figure 5.1: Sketch summarising the structural controls, with respect to gravity-driven processes, on depositional systems from the
shelf to the basins floor (modified from Mayall et al. 2010; redrawn from Cumberpatch et al. 2021 b). A, B, C and D are salt
structures, which are spaced at different distances from each other, creating variable geometrical confignrations and basin fill. Sketches
highlight some of the key nncertainties related to topographic confinement of depositional systems, many of these are discussed within.

5.3 Geological Setting
Regional Geological Setting

The case study area is located above the southern branch of the tri-partite North Sea rift system
(Figure 5.2A; Glennie 1995), covers UK hydrocarbon quadrants 22 and 23, and includes the North
Pierce, South Pierce, Mungo, Monan, Mirren, Machar, Merganser and Scoter salt structures. It is
located in the Eastern Central Graben (ECG), and bound by the NNW-SSE trending boundary
faults of the Jeeren High to the East and the Forties Montrose High to the West (Figure 5.2; Birch
and Haynes 2003; Scott et al. 2010; Hale et al. 2020).

The structure and evolution of the ECG is well documented (Hodgson et al. 1992; Erratt et al.
1999; Davison et al. 2000; Chatles and Ryzhikov 2015). Halokinesis, in response to polyphase
(Triassic-Jurassic) rifting and Cretaceous-Paleocene sediment loading, has been a key control on
the grabens’ development since the Middle Triassic (Davison et al. 2000; Charles and Ryzhikov
2015). During the Late Permian, 2000-3000 m of Zechstein salt accumulated in the basin depo-
centre (Davison et al. 2000). Gravitational loading from Late Permian — Early Triassic siliciclastic
sedimentation, combined with regional extension, triggered movement of the Zechstein salt and
formation of salt walls, and many other salt structures, within the ECG (Hodgson et al. 1992;
Carruthers et al. 2013; Charles and Ryzhikov 2015). These salt structures ultimately became hy-
drocarbon traps for the fields used in this study. An Upper Jurassic period of major extension re-
initiated halokinesis and salt ridge growth along the faults bounding Jurassic basins, strongly influ-
encing syn-rift Meszoic sedimentation (Erratt 1993; Hoiland et al. 1993; Rattey and Hayward 1993;
Grant et al. 2019a; 2019b; 2020).

Thermal subsidence during the Late Jurassic-Cretaceous, along with sediment loading led to the
formation of km-scale circular diapirs running parallel to basinal faults (including the Pierce diapirs
on the Jaeren High and the Machar, Scoter, Merganser and Mirren diapirs on the Erskine Ridge,
south of the Forties Montrose High; Figure 5.2B). During the Cretaceous and into the Cenozoic,
diapirs that remained connected to the main salt reservoirs continued to grow passively, driven by
further sediment loading. A buoyancy equilibrium formed until the mid-Miocene when Alpine-
related inversion and compression led to late active growth in many of the Central Graben diapirs
(Oakman and Partington 1984; Evans et al. 1993; Davison et al. 2000; Chatles and Ryzhikov 2015).
Most salt diapirs stopped growing, and became welded, in the late Miocene following a reduction
in salt supply (Davison et al. 2000; Carruthers et al. 2013).
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Figure 5.2: A) Tectonic framework of the North Sea rift system, B) Structural map of the Central Graben showing distribution
of salt diapirs related to major basin fanlts and Jurassic salt-withdrawal basins (Carruthers et al. 2013), red box highlights location
of Figure 5.3, most northern part of Figure 5.3 not shown. C) Summary map of the gross depositional setting showing the distribution
of the Sele T70 fan systems within the UK sector of the North Sea from Eldrett et al. (2015). The extent of Fignre 5.2b is
highlighted. NWP, Northwest Platform; N, Nelson Field; F, Forties Field; E, Everest Field; A, Arbroath Field; Me, Merganser
Field; Ma, Machar Field S, Scooter Field; St, Starling Field; G, Gannet Field; B, Bittern Field; Pu, Puffin Field; P, Pierce Field;
K, Kyle Field; Fr, Fram Field; Hu, Huntington Field; Ar, Arran Field. D) Generalised stratigraphic framework for the Paleocene
of the East Central Graben (Charles and Ryzhikov 2015). The lithostratigraphic nomenclature is consistent with that in Knox et
al. (1981) and Mundge and Copestake (1992). The relative sea-level cycles highlight the lowstand submarine fan deposits and are
modified after Den Hartog Jager et al. (1993) and Jennette et al. (2000). Stratigraphic ‘1 surface frameworfks of Shell (Milton et
al. (1990)), BP (Jones and Milton 1994) and TGS | Equinor are compared. Purple box indicated the stratigraphic interval repre-
sented in C.

Palacocene Stratigraphy

The stratigraphy and sedimentology of the Central North Sea Paleocene basin floor fan systems
have been described extensively (e.g., Den Hartog Jager et al. 1993; Jennette et al. 2000; Hempton
et al. 2005; Kilhams et al. 2012; 2014; 2015; Eldrett et al. 2015). Siliciclastic sedimentation com-
menced in the study area during the Danian, which curtailed deposition of the Ekofisk chalk (Fig-
ure 5.2D). Paleocene-Eocene phases of uplift associated with the North Atlantic Igheous province
shed siliciclastic sediments into the Central Graben during multiple lowstand systems tracts (Den
Hartog Jager et al. 1993; Evans et al. 2003; Carruthers et al. 2013). These lowstands lasted ~1-2
Ma in duration and are represented by turbidite fan complexes overlain by highstand hemipelagic
shale units (Figure 5.2D; Den Hartog Jager et al. 1993; Kilhams et al 2012; 2014; 2015; Charles
and Ryzhikov 2015).

The Palacocene-Eocene succession contains several cycles of deep-water sedimentation, restricted
laterally by the graben (Eldrett et al. 2015). These cycles have traditionally been lithostratigraph-
ically divided into the Maureen, Lista and Sele Formations, and sequence stratigraphically into “T-
sequences’ (Figure 5.2D; Milton et al. 1990; Mudge and Copestake 1992; Jones and Milton 1994;
Den Hartog Jager et al. 1993; Jennette et al. 2000). The lowermost Maureen Formation makes up
the lower Montrose Group, and lies stratigraphically above the Cretaceous-Danian (Ekofisk) Chalk
(Figure 5.2D). The Maureen Formation is overlain by the Lista Formation and associated Mey
(informally ‘Andrew’) Sandstone Member (56.8-59.8 Ma), also of the upper Montrose Group (Fig-
ure 5.2D; Den Hartog Jager et al. 1993; Jennette et al. 2000; Kilhams et al. 2015). The main reser-
voir interval across the Central Graben is the Upper Paleocene to Lower Eocene (56.8-45 Ma) Sele
Formation, of the lower Morary Group, which includes the Forties Sandstone Member (Kilhams
et al. 2014). The Sele Formation is overlain by the Balder Formation, which comprises thin suc-
cessions of clays and volcanic tuffs (Figure 5.2D; Hempton et al. 2005).

The Sele Formation is dominated by a submarine fan system (the Forties Sandstone Member). The
‘Forties fan’ is a large-scale NW-SE trending fairway, characterised by anastomosing complexes of
submarine channels and lobes that cover much of the Central Graben (Wills and Peattie 1990;
Whyatt et al. 1991; Ahmadi et al. 2003; Hempton et al. 2005; Eldrett et al. 2015). Sandstone distri-
bution patterns throughout the Palacocene are complicated by the interaction of the axial ‘side
fans’ sourced from the west (Hempton et al. 2005; Kilhams et al. 2014; Eldrett et al. 2015), which
could extend as far east as Merganser and Scoter (Figure 5.2C; Chatles and Ryzhikov 2015).

Reservoir thickness and net to gross are highly variable throughout the Paleocene, and across the
Central Graben, although there is a clear proximal-to-distal trend in reservoir quality (Hempton et
al. 2005; Kilhams et al. 2012; 2014; 2015). Core data reveal a comparable reduction in porosity and
permeability from proximal to distal locations, which is attributed to the gradual reduction in grain
size and increasing detrital clay content in more distal locations (Hempton et al. 2005; Kilhams et
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al. 2012; 2014; 2015; Chatrles and Ryzhikov 2015). The Pierce diapirs (North and South Pierce)
form the primary study area for facies analysis, and neighbouring diapirs (Mungo, Monan, Mirren,
Merganser, Scoter and Machar) are used to study the effect of diapir spacing on depositional sys-
tems (Figure 5.3). All of these diapirs form salt-related traps for hydrocarbon accumulations with
a primary reservoir in the Paleocene (Sayer et al. 2020; Freeman et al. 2020; Hale et al. 2020; Baniak
et al. 2020). Charles and Ryzhikov (2015) demonstrated that detailed understanding of halokinet-
ically-influenced reservoirs is important to efficiently sweep these fields. Below, we investigate how
the presence of two salt structures, at variable distances, can further complicate reservoir distribu-
tion and architectures, and thus hydrocarbon recovery factors.

Summary of hydrocarbon fields in the study area

The Pierce Field: The stratigraphy and structural evolution of the Pierce Field (Figures 5.2 and
5.3), operated by Shell, has been studied by Birch and Haynes (2002), and more recently Scott et
al. (2010), Carruthers et al. (2013) and Hale et al. (2020). The Pierce Field trap is formed by two
salt diapirs, North and South Pierce. The field contains an estimated P50 of 472 million barrels of
oil in place (Hale et al. 2020) stored within the Paleocene deep marine Forties Sandstone that is
believed to abut against the diapir walls (Hale et al. 2020). Smaller volumes exist in the Ekofisk
Formation. The Paleocene units are composed of a 300 m thick sequence of mounded, sand-rich,
gravity-flow deposits of the Maureen and Lista Formations (Eldrett et al., 2015; Birch and Haynes
2003; Hempton et al., 2005; Davis et al., 2009) and turbidite deposits of the Forties Formation
(Davis et al. 2009; Scott et al. 2010) (Figure 5.2), reflecting the distal location of Pierce along the
depositional fairway (Figure 5.2C). Paleocene deposition in thin channel fairways around the east-
ern and western flanks of the Pierce Field, progressive onlap and thinning up-dip towards the
diapir crests indicates that topographic relief of the diapirs had the ultimate control on sediment
distribution (Birch and Haynes 2003).

The Merganser and Scoter fields: Merganser and Scoter (Figure 5.3) are both operated by Shell,
as part of the Shearwater Field development (Freeman et al. 2020). The Merganser field consists
of a normally-pressured proven gas-condensate column of 500 m, trapped in a structural attic on
the flanks of a fully penetrating salt diapir. Gas and condensate are produced from a composite
reservoir in deep marine sandstones of the Maureen, Lista and Sele formations (Chatles and Ryzhi-
kov 2015). The depositional provenance is from the NW, and facies analysis indicates proximal
channels to distal lobe environments (Kilhams et al. 2012; Eldrett et al. 2015). A large salt overhang
obscures the field and structural definition is challenging owing to poor seismic imaging. Poor
imaging resulted in an underestimation of volumes, pre drill (Chatles and Ryzhikov 2015). Field
development plans estimated recovery of 100 billion cubic feet (bcf) gas (Charles and Ryzhikov
2015); to date 185 bcf have been produced (Freeman et al. (2020)).

The Scoter gas field is located nearby Merganser and as such has recently been reviewed by Free-
man et al. (2020). Scoter was discovered in 1989, and comprises a 360 m thick Forties Sandstone
reservoir, trapped in an anticline above the Scoter salt diapir. To date 280 bcf of gas has been
recovered (Freeman et al. 2020).

Machar, Mungo, Mirren and Monan fields: Machar, Mungo, Monan and Mirren (Figures 5.2
and 5.3) are part of the Eastern Trough Area Project, an integrated development of nine different
fields, also including Marnock, Madoes, Heron, Egret and Skua (Sayer et al. 2020; Baniak et al.
2020). All of the ‘M’ fields are operated by BP. These fields were not commercially viable for
standalone developments due to their small scale, but their combined recoverable reserves (550
million barrels of oil equivalent to date) make production viable (Sayer et al. 2020).
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The Machar field (Figure 5.3) was discovered in 1976, with a STOIIP of 500 million barrels (Sayer
et al. 2020). The field comprises of a 1300 m light-oil column contained in steeply-dipping Creta-
ceous Chalk and Paleocene sandstones in the Maureen, Lista and Sele formations, trapped by a
four-way dip-closing dome developed over a high-relief Zechstein salt diapir (Sayer et al. 2020).
There is connection between the two reservoirs (Paleocene and Cretaceous) via faults and the field
is managed as a single reservoir unit (Sayer et al. 2020). To date 120 million barrels of oil and 65
bcf of gas have been produced (Sayer et al. 2020).

Mungo (Figures 5.2 and 5.3) was discovered in 1989 and is a pierced, four-way dip closure against
a salt diapir (Baniak et al. 2020) which reservoirs in Late Paleocene sandstones (Maureen, Lista and
Sele formations) and early Cretaceous — Late Paleocene Chalk. The sandstones contain a 965 m
light oil column, and overlying gas cap (Baniak et al. 2020). Mungo has an estimated 440 million
barrels oil and 585 bcf gas in place, having produced 176 million barrels oil and 163 bcf gas to date
(Baniak et al. 2020).

Eastern Trough Area Project fields are sourced by Jurassic source rocks, principally the Kim-
meridge clay (Baird 1986). Monan is a small oil and gas field which reservoirs in Paleocene turbid-
ites associated with a salt diapir, and was first discovered in 1990 (Goffey et al. 2020). Mirren is a
small field with oil reserves of 13 million barrels and 57 bct gas, which reservoirs in Paleocene
sandstone (Goffey et al. 2020).

5.4 Methods and data

Subsurface

A 2890 km? subset of the multiclient PGS CNS MegaSurvey Plus full-offset pre-stack Kirchhoff
time-migrated (KPSTM) 3-D seismic dataset formed the primary database for this study (Figure
5.3). Inline and crossline spacing is 12.5 x 12.5 m, sample rate is 4 ms and the data has been
processed to zero-phase. The seismic is Society of Exploration Geophysicists (SEG) reverse
(European) polarity and a downward increase in acoustic impedance (trough) is displayed with a
red loop. Vertical resolution within the Paleocene interval of interest is 25-33 m (based on an
interval velocity of 3-4 km s and a dominant frequency of ~30 Hz). The study atea is focussed
around eight salt diapirs and is calibrated by over 60 wells.

Synthetic seismograms were created for wells 23/27-7, 23/22b-4 and 23/22a-3, which had
continuous log coverage and good borehole integrity (consistent calliper readings). These were
used to generate seismic-to-well ties. Eight seismic horizons (base salt, top salt, base Cretaceous,
top Cretaceous, top Paleocene, Top Eocene, Top Miocene and seabed) were interpreted between
well tops and correlated to standard stratigraphic markers known throughout the region (e.g.,
Kilhams et al. 2012, 2015; Carruthers et al. 2013). These interpretations allowed for analysis of
thickness and orientation variability between differently spaced diapirs. Interpretations were
extrapolated with increasing uncertainty to the limits of the seismic image at the salt-sediment
interface. Time structure maps along with spectral frequency decomposition maps were used for
analysis of the Paleocene. Core observations were used to ground-truth seismic observations of
facies distributions (Kilhams 2011). Five cored wells with a good coverage in the Paleocene Forties
Sandstone were selected to study facies variability adjacent to, and at distance from, diapirs (Table
5.1, Supplementary Figure 1, Appendix B). The purpose of the wells (for hydrocarbon exploration)
has meant core data have a significant sampling bias towards potential reservoir intervals (e.g.,
high-density turbidites).

Subsurface data (seismic and core) are first used to assess facies distribution around diapirs in order
to better understand the controls on sediment distribution (objective 1), and then seismic data are
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used alongside DEM results to compare stratigraphic architectures between variably spaced salt
structures and describe the extent of halokinetically modified stratigraphy (objectives 2 and 3).
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Figure 5.3: Subsurface dataset map, overlain onto the Top Lista formation time-surface, showing the location of the diapirs used
in this study (North and South Pierce, Merganser, Machar, Scoter, Mirren, Monan and Mungo). Ountline of part of the map is
shown in Fignre 5.2. The data used is a 2890 kni? subset of the PGS CNS MegaSurvey 3D (outlined by the blue box). Blank
areas within the data polygon indicate areas of missing data. Black dots indicate wells within the study area, and purple dots, labelled
with well number, indicate wells used for this study (either for core analysis or creating synthetic well ties). Known hydrocarbon fields
are shown and labelled (green: oil, orange: condensate, red: gas). Yellow box bighlights the location of the spectral (frequency) decom-
position map shown in Figure 5.7 and red numbered lines represent seismic cross-sections in Figure 5.8. UTM Zone 31N coordinates
annotated in metres.
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Table 5.1: Core data used for facies analysis across the study area. Selected wells had core through the Paleocene interval and were
located at different distances from diapirs to study changes in facies on and off the diapirs flanks. Core data is publically available
from the British Geological Survey (BGS). T6.A is located and correlated to other “I-sequence’ nomenclature on Fignre 5.2D.

Well Location Cored Palaecocene interval | Studied core interval (m
MD)
23/21-5 Between Lomond and North | T6A, Forties Sandstone | 3088-3100
Pierce Member, Sele Formation
23/22a-3 South flank of North Pierce T6A, Forties Sandstone | 2713-2768
Member, Sele Formation
23/27-2 Between Machar and South | T6A, Forties Sandstone | 3116-3156
Pierce Member, Sele Formation
23/27-7 Between Machar and South | T6A, Forties Sandstone | 3103-3187
Pierce Member, Sele Formation
23/27-10 South flank of North Pierce TG6A, Forties Sandstone | 2657-2732
Member, Sele Formation

Discrete Element Model (DEM)
A Discrete Element Model (DEM) based on the methodology of Cumberpatch et al. (2021c; d;
Chapter 4) is used here to complement subsurface observations and study the effect that variably-
spaced diapirs have on stratigraphic architecture. DEM is a discontinuous numerical method that
treats objects as assemblages of circular elements, connected by breakable elastic bonds (Finch et
al. 2004). Forces are resolved in the x and y directions, and elements are subject to gravity (Finch
et al. 2003). The equations that define all forces acting on the DEM are:
F. = Fir-VX. (1)

F,=F,.-VY+F, (2
where Fi, is the elastic force acting on a particle, V is viscosity, and X and Y are particle velocity.
DEM has been used to study deformation processes (Hardy and Finch 20006), and salt tectonics
(Pichel et al. 2017, 2019; Cumberpatch et al. 2021¢;d). For a discussion of the equations governing
DEM, and DEM limitations, see Finch et al. (2003, 2004) and Botter et al. (2014). Further details
of the models applicability to salt tectonics are covered in recent work (Pichel et al. 2017; 2019;
Cumberpatch et al. 2021¢;d, Chapter 4). Our modelled parameters build on previous work and
have been rigorously tested (summarised in Supplementary Table 1, Appendix B; Finch et al. 2003,
2004; Pichel et al. 2017, 2019; Cumberpatch et al. 2021c;d). The model in this study comprised a
13500 m-wide by 1500 m-deep cross-section with a rigid base containing ~150,000 elements of
varying radii (representing 6-15 m), which are randomly distributed, to reduce failure in preferred
orientations. A 150 m thick salt layer is overlain by nine 150 m thick overburden layers (Figure
5.4).

This work is not intended to investigate initial diapir evolution (e.g., Vendeville and Jackson 1992),
but rather the interaction between diapir spacing and evolving halokinesis. As such, to simplify a
complex three-dimensional process into a two-dimensional model, we assume two linear salt walls
or radially symmetric diapirs, emplaced by an eatlier phase of diapirism (Pichel et al. 2017; 2019;
Cumberpatch et al. in 2021¢;d). During the experiment, these diapirs are assumed to actively rise,
driven by overburden loading of the salt layer and a salt-overburden density contrast, without
invoking regional tectonics (Jackson and Hudec 2017). Active rise is restricted by roof thickness;
diapir height must be greater than 66-75% of the surrounding overburden for substantial halokine-
sis to occur (Schultz-Ela et al. 1993). We model two sinusoidal 750 m wide (maximum width),
1050 m high (70% of the overburden) diapirs, and vary the spacing between them. The geometries
used in our models are based on North Pierce diapir, and are therefore comparable to those ob-
served in natural examples in the ECG (Davison et al. 2000; Jackson and Hudec 2017). We impose
an upwards motion of 0.028 mm/year (based on the 0.02 — 0.04 mm/year growth of Kyle, Monan,
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North and South Peirce diapirs, documented by Davison et al. 2000), to all elements representative
of salt, to simulate a diapir growth rate which is modulated by syn-kinematic stratigraphy (Figure
5.4). This replicates the volumetric salt supply rate (QQ) described by Peel et al. (2020). We model
the late-stage of diapir growth, to enable closer comparison to seismic stratigraphic observations
from natural examples (Oluboyo et al. 2014; Grimstad 2016), and employ run times of previous
numerical models (Pichel et al. 2017; 2019; Cumberpatch et al. 2021c;d). Our experiments were
run for 46,000 timesteps with a timestep equivalent to 100 years (4.6 Myr in total). The diapirs
grow for 2.2 Myr (22,000 timesteps) to allow the model to equilibrate creating seabed or surface
topography, prior to the addition of sediment. Before the addition of sediment, the diapir growth
deforms the ‘early diapiric’ sequence. We define the ‘early diapiric sequence’ as layers deposited
prior to the simulation; they are discordant to the diapir and thus represent the early diapiric syn-
kinematic strata related to the phase of diapirism that is assumed to have emplaced the diapir into
our model (Jackson and Hudec 2017).

Sediment is added in three 0.8 Myr (8,000 timesteps) stages (S1-S3). Following addition of sedi-
ment, diapir rise is passive and is modulated by syn-kinematic sedimentation (Rowan and Giles
2021). Sedimentation rates adjacent to the Pierce diapirs range from 0.085 - 0.4 mm/yr (Liu and
Galloway 1997; Kilhams et al. 2014; Eldrett et al. 2015). Here, we use an increasing sedimentation
rate, consistent with Cumberpatch et al. (2021c,d), whereby sedimentation rate increases from 0.15
mm/year (2.2-3 Myt), to 0.3 mm/year (3-3.8 Myr), to 0.45 mm/year (3.8-4.6 Myr). This ‘increasing
sedimentation rate’ could reflect absolute increases (in the model) or relative increases with respect
to salt rise (North Sea analogue).

The relative strength of each model layer is defined by its breaking separation; particles are bonded
until this is exceeded (Donzé et al. 1994). Particle motion is frictionless and cohesionless (Finch et
al. 2003). Overburden breaking separation (strength) and density increase linearly with depth from
0.023 to 0.027 and 2.4 g cm™ to 2.6 g cm” to simulate increasing compaction with depth. Salt and
sediment are assigned densities of 2.2 ¢ cm™ and 2.3 g cm” respectively, in agreement with meas-
urements from comparable natural systems (Jackson and Hudec 2017) and as used in previous
modelling experiments (Pichel et al. 2017; 2019; Cumberpatch et al. 2021c;d; Supplementary Table
1, Appendix B). A viscosity of 1.1 x 10” Pa-s is used to represent ductile rock-salt and viscous-
plastic behaviour is mimicked by weakening the breaking separation by an order of magnitude
(0.001 for salt compared to 0.023 in syn-kinematic strata; Pichel et al. 2017).

We ran multiple experiments with two diapirs with varying horizontal separation to investigate the
effects of diapir spacing on stratigraphic architecture. Diapir spacing is measured from the crest
of each diapir, here we present six models, with variable diapir spacing (Table 5.2; Figure 5.4).

Table 5.2: Details of the different spacing distances between diapirs (measured from crest to crest) used in each model

Model Spacing of diapirs (model units) | Spacing of diapirs (metres)
M1 50 1500 m
M2 100 3000 m
M3 150 4500 m
M4 200 6000 m
M5 250 7500 m
M6 300 9000 m
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A\ 4

Maximum spacing 9000 km

A

Minimum spacing
1500 km

e

Overburden = BS 0.027, D 2.6 g/cm’
Salt = BS 0.001,D 2.22 g/cm’

A 4

13500 m

BS = Breaking Separation, D = Density, * applies to both diapirs
Figure 5.4: Initial set up of DEM (1'=0) with two diapirs, showing key parameters. Diapir spacing was the only variable changed throughont the experiments. See text for discussion and Table 5.2

and Supplementary Table 1 (Appendix B) for further details.
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5.5 Results: Paleocene Facies Distribution

Lithofacies and facies associations

Lithofacies presented in Table 5.3 and Figure 5.5 represent ‘event beds’ and are classified based
on core observations. Facies associations are interpreted based on an integration of dominant
cored lithofacies (Figure 5.5), gamma ray (GR) profile, seismic and spectral frequency
decomposition observations (Table 5.4). Five facies associations [A-E] are interpreted (Figure 5.6).
In agreement with recent work, we describe Mass Transport Deposit (MTD) as deposits from
varied subaqueous mass flows including slides, slumps and debris-flows (e.g., Nardin et al. 1979;
Posamentier and Kolla 2003; Doughty-Jones et al. 2019; Wu et al. 2020; Nwoko et al. 2020). The
following section addresses the distribution of these facies associations throughout the study area,
with specific focus on proximity to diapirs.

Table 5.3: Siliciclastic facies table based on core observations from the studied cores in Tabel 5.1. Five lithofacies were identified
that comprise the Forties Sandstone Member of the Sele Formation (16.A).
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Facies

Description

Interpretation

Thick-bedded sandstones [A]

0.5 m to 1+ m thick brown-orange or pale cream-
beiege fine-coarse grained, moderately- to well-
sorted sandstones (Figure 5.5A).

Can be extensive across numerous core sticks and
may be amalgamated.

Normally-graded or non-graded typically lacking in
any primary depositional structures.

Erosive, flat and loaded bases are observed.
Occasionally beds have cm-thick granular lags at
their bases (Figure 5.5B), or contain sporadic
limestone granules throughout.

Mud-clasts can be observed throuhgout.
Dewatering  structures such as dish and pillars
(Figure 5.5C), syn-sedimentary faulting and injectites
are observed, along with evidence for remobilisation
of originial bedding.

Occasionally, mud content increases upwards and
this facies grades into [C] ot [D].

Often hydrocarbon stained (Figure 5.5A).

High density turbidites:
The general massive nature, coarse grain size and
amalgamation of these deposits suggests that they
represent rapid aggradation beneath a highly-concen-
trated but dominantly turbulent flow, and are thus in-
terpreted as high-density turbidites (Lowe 1982; Mutti
1992; Kneller and Branney 1995). The presence of
coarse granular fragments at the base of some beds
could indicate the transition from highly-
concerntrated debris flows into highly-concerntrated
turbulent flows (Mulder and Alexander 2001; Sohn et
al. 2002), due to the deposition of the coarsest grain
size fraction and the entrainment of ambient water
(Postma et al. 1988). The presence of dewatering
structures suggests overpressured fluids within high
porosity layers which could indicate slope instability
(Cheel and Rust 1986; Yamamoto 2014). Mud
content increasing upwards and the grading into [D]
could indicate flow transformation due to
deceleration or increased concerntration of fines
(Barker et al. 2008; Kane et al. 2017). Hydrocarbon
staining suggests moderate-good reservoir porosity
and permeability (Scott et al. 2010).

Medium-bedded
[B]

sandstones

As [A], but with bed thicknesses of 0.1 to 0.5 m, and
occasional mud draped laminations present (Figure

5.5D).

Medium-density turbidites:

Based on their similarity to thick-bedded sandstones
these deposits are suggested to also represent rapid
aggradation beneath a turbulent flow and are thus
interpreted as turbidites (Lowe 1982). Their thinner
bed thickness suggests they are medium-density
turbidites (Soutter et al. 2019; Cumberpatch et al.
2021a).

Thin-bedded sandstones and
silstones [C]

0.1 to 1+ m packages comprising of 0.001 to 0.1 m
thick interbeds which consist of cream-beige very

Low-density turbidites:
Thin-bedded, normally-graded, traction structure-
rich sandstones are interpreted to be deposited from
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fine-sandstone and silstone and grey muddy siltstone
(Figure 5.5E-G).

Often normally-graded or non-graded.

Tractional structures (cross, ripple, planar, unulose
and whispy laminations) observed (Figures 5.5E and
5.5F).

Flat or loaded bases.

Core is often broken up along bedding planes.
Ripples with opposing palacoflow directions and
bed-thickness variations, across the width of the
core, are observed (Figure 5.5G).

Cm-scale muddy fine-sandstones with starry night
texture, sporadic granules and mud-clasts are
observed within the packages.

low- concentration turbidity currents (Mutti 1992;
Jobe et al. 2012; Talling et al. 2012) and are therefore
interpreted as low-density turbidites. Common band-
ing and presence of muddy-sandstones may reflect
some periodic suppression of turbulence associated
with flow deceleration or increased concertation
(Lowe and Guy 2000; Barker et al. 2008). Ripples in-
dicating opposing palacoflow suggests topographic
interference (e.g., Kneller et al. 1991).

Deformed mudstones
sandstones [D]

and

0.01 to 1+ m moderately - pootly-sorted, deformed,
matrix-supported deposits.

Marix ranges from claystone to fine- grained
sandstone.

Hetereogeneous facies, with lots of wvariability.
Individual deposits contain a lot of lateral variability
at core scale (Figures 5I-L).

Undulose, flat, gradational and stepped tops and
bases observed.

Remobilised, non-continuous bedding with evidence
for soft sediment deformation is common (Figure

5.50).

Sandstone deformation and cm-scale injectites

within a muddy-sandstone matrix frequently
observed (Figures 5] & 5K).
Mud-clasts and sporadic granules common

throughout (Figure 5.5K).
Mud-rich sandstones with starry night texture
observed throughout (Figure 5.5L).

Mass failure deposits:

The pootly-sorted matrix, deposit heterogeneity and
clast-rich nature are suggestive of ‘flow freezing’ (In-
verson et al. 2010) indicating ‘en masse’ deposition
from a cohesive debris flow (Nardin et al. 1979; In-
verson 1997; Sohn 2000).

Folded, remobilised, thinly-bedded sandstones [C]
and intra-basinal clasts indicate localised mass failure
and reworking (Cumberpatch et al. 2021a). Small
scale injectites indicate fluid overpressure (Cobain et
al. 2016).

Grading into [A] and [E] suggests some turbulence
was influencing the flow and therefore periodic dep-
osition from a transitional flow regime is interpreted
(Baas et al. 2009; 2013; Sumner et al. 2013). The mass
failure deposits described here refer to sedimentary
bodies that are translated downslope as a result of
gravity-induced mass failure and encompasses a vari-
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This facies is observed to grade into [A] and [E].

ety of processes including slumping, sliding and lam-
inar flow transport (Moscardelli and Wood 2008;
Nwoko et al. 2020)

Mudstone [E]

0.1 to 1+ m packages comprising of dark
homogenous siltstones and claystones.

Planar laminations, and colour variations sometimes
visible due to alternations between silt and clay grain
sizes.

Friable packages often not in tact in core, broken
along lamination planes (Figure 5.5H).

Can be heavily bioturbated.

Occasional laterally non-extensive silstone- fine-
grained sandstone.

This facies often grades into [C].

Background/low-density turbidites:

Fine grain-size indicates low-energy conditions, rep-
resentative of background sedimentation via suspen-
sion fallout. Discontinuous siltstones and grading
into thin-bedded sandstones [C] suggest laminations
may be present below the scale visible in core, repre-
senting deposition from a dilute turbidity current
(Boulesteix et al. 2019; 2020). These mudstones could
also represent contourites deposited by density driven
bottom currents (Talling et al. 2012; Kane et al. 2020;
Furhmann et al. 2020).
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-

Figure 5.5: Photographs of type examples of facies from core, see Table 5.3 for description and interpretation. All core photographs
are from T6.A, from the wells in Table 5.1. All photographs are taken younging upwards. Pen, pencil and eraser are all 16 em.
A-C) Thick-beedded sandstones. D) Medinm-bedded sandstones. E-G) Thin-bedded sandstones. H) Mudstone. I-L) Alternating,
deformed, and chaotic sandstones and mudstones.
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Table 5.4: Summary of characteristics of subsurface facies observed in the Paleocene across a number of different data types and scales of data, shown on Fignre 5.6. ‘Complex’ and ‘element’ scales refer
to scales describe by Prélat et al. 2009. Interpretations are consistent with other deep-water halokinetically-influenced systems elsewhere (e.g., Oluboyo et al. 2014, Eldrett et al. 2015; Donghty-Jones et
al. 2017; Rodriguez, et al. 2020) . ms = millisecond two way travel time.

Facies Observations Interpretation
Association

Spectral  Frequency | Seismic (Complex scale) | Gamma Ray | Core (Element scale)

decomposition (GR)

Channel (Figure
5.6A)

Km long, 100’s m wide,
sinuous  to  straight
moderate-high
frequency bodies (e.g.
Kilhams 2011; Eldrett
et al. 2015; Hale et al.
2020)

100’s m wide, 10’s ms thick
discontinuous, concave up,
upwards-widening

geobodies with moderate
amplitude. Commonly
stacked  vertically and
laterally (e.g. Scott et al.

Low GR wvalues at
base (20-80 API)
increasing upwards
over 10’s m to
higher values of
80-150 API (e.g.
3138 — 3154 m in

Stacked metre-scale
packages of lithofacies A
and B. A are often erosively
based, normally-graded and
transition upwards into C
or B (e.g. 3125 - 3130 m in
well 23-37-2).

Sinuous to straight submarine
channel complexes composed of
individual channel elements, with
predominantly  sand-rich  fill
(Eldrett et al. 2015; Charles and
Ryzhikov 2015; Hale et al. 2020).

2010; Eldrett et al. 2015; | well 23-27-2
Chatles and  Ryzhikov | (T6A)).
2015; Hale et al. 2020).
Proximal Lobe Km wide, 10’s ms thick | Clean, low API | Stacked metre-scale | Submarine  lobe  complexes
(Figure 5.6C) sub-parallel, semi- | (10-50), 10’s m | packages of lithofacies A | comprised of individual lobes
continuous, high amplitude | scale packages of | and B. Sandstones are | and lobe elements. Bright
reflections.  Tabular  to | blocky GR | sharp-based, and often | amplitudes, low GR and
mounded morphology with | signature, divided | amalgamated. Dewatering | sandstone-rich lithofacies are
10’s km long, kms wide, | bidirectional downlap. | by subsidary <m | structures are common. | suggestive of a lobe axis sub-
lobate geobodies. | Stacked vertically, | scale higher values, | Generally = massive  or | environment (e.g. Prélat et al.
Speckled facies | commonly with dimmer | between 50-80 (e.g. | normally-graded into C | 2009; Kilhams et al. 2012; 2014;
throughout. Brighter in | reflectors described below | 2635-2735 m in | (e.g. 2690 — 2705 m in well | Eldrett et al. 2015).
proximal areas and | (e.g. Scott et al. 2010 | well 23/27-10 | 23/27-10).
dimmer and darker at | Kilhams et al. 2012; 2014; | (T6A))
the distal equivalents | Eldrett et al. 2015; Charles
(e.g. Kilhams 2011; | and Ryzhikov 2015).
Distal Lobe | Kilhams et al. 2014; | The moderate- low | ‘Ratty’,  irregular | Stacked metre-scale | Submarine  lobe  complexes
(Figure 5.6C) 2015; Hale et al. 2020). | amplitude  edges, and | and jagged GR | packages of lithofacies C. | comptised of individual lobes
dimmer km wide, 10 ms | profile reflecting | Cm scale interbeds of | and lobe elements. Dimmer
thick reflections between, | variable variable lithologies. | amplitudes, high GR and mixed
the geobodies described | lithological Tractional structures within | lithology lithofacies suggest a
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above (Scott et al. 2010;
Kilhams et al. 2015; Eldrett
et al. 2015).

composition.

Values between 50
and 120 API (e.g.
2700 — 2750 m in

sandstones. Can transition
into E (e.g. 2648 -2668 m in
well 23/22a-3).

lobe fringe sub-environment
(e.g., Prélat et al. 2009; Scott et al.
2010; Kilhams et al. 2015).

well 23/22a-
3(TG6A)).
Mass Transport | Kms long, 100’s m- km | Km wide, 40+ ms thick, | Variable Stacked, metre-scale | Products of gravity driven mass
Deposit (MTD) | wide, undulose | disorganised, low-moderate | dependent on | packages of lithofacies D. | failure  processes  (including
(Figure 5.6B) geobodies often | amplitude, discontinuous, | composition  of | Variable lithology, often | slides, slumps and debirs flows),
associated  with  salt | semi- transparent | MTD. Often ‘ratty’ | mixed, commonly | collectively termed mass
structures. Speckled | relfectors. Irregular upper | and irregular GR | containing chalk (Kilhams | transport  deposits  (MTDs).

low-moderate

frequency character (e.g.
Kilhams 2011; Kilhams
et al. 2015; Eldrett et al.
2015; Soutter et al. 2018;

and lower surfaces. Internal
100’s m wide clasts.
Discontinuous  reflectors
are laterally offset (e.g.
Scott et al. 2010; Eldrett et

signature reflecting
internal  depsoit
heterogeneity.

Values between 80
and 150 API (e.g.

et al. 2015). Common soft

sediment deformation,
fluidisation and isolated
clasts and mud-clats.

Pootly-sorted deposits with

Often diapirically derived (e.g.,
Giles and Rowan 2012; Kilhams
et al. 2015; Soutter et al. 2018;
Doughty-Jones et al. 2019; Wu et
al. 2020).

Hale et al. 2020). al.  2015; Charles and | 3135-3150 m in | irregular bases and tops
Ryzhikov 2015; Soutter et | well 23/27-7 | (e.g. 3137 -3146 m in well
al. 2018). (T6A)). 23/27-7).
Background Kms long, kms wide | Km wide, 100s ms thick | Homogeneously Stacked, metre-scale | Representing deposition either
deposition extensive areas of high | packages of parallel, low- | high GR signature | packages of lithofacies E. | by  background hemipelagic
(Figure 5.6D) frequency, dark, | moderate amplitude, | values over 100 | Often transitions upwards | suspension fall out or mud-rich
speckeled character, | continuous reflections (e.g. | API (e.g. 3190- | into C. Commonly broken | dilute distal submarine fans (e.g.
with no resolveable | Kilhams et al. 2012; 2014; | 3240 m in well | during coring process (e.g. | Kilhams 2011; Eldrett et al. 2015;

features (e.g. Kilhams
2011; Soutter et al. 2018;
Hale et al. 2020).

2015; Eldrett et al. 2015).

23/21-5 (TGA)).

3103 - 3108 m in well
23/27-7).

Boulesteix et al. 2019; 2020).
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Figure 5.6: Summary fignre showing the anticipated observations across different types of data and scales in different depositional
environments within the study area. All data is from the study area and provides a visual representation of the descriptions and
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exanples jron: 1avile >. uomarine annert. ass Lransport Deposit. uomarine 1L.00e. aAcrRIroOun eposit.
pples from Table 5.4 A) Submarine Channel. B) Mass Transport Deposit. C) Submarine Lobe. D) Background Deposi

All frequency decompositions are taken from the Top Lista Formation time slice shown in Figure 5.7, seismic reflection data represents
Paleocene stratigraphy and core data are from the Forties formation (3™ order sea level ¢ycle TAG).

Facies Distributions
Here we use the integrated subsurface facies associations to analyse salt-influenced deep-water
facies and characterise their distribution in terms of halokinetic or allocyclic controls (objective 1).

Observations: The depositional system is revealed by spectral frequency decomposition across a
window 20 milliseconds either side of the Top Lista Formation interpretation. To the east of the
Pierce diapirs, the system forms an elongate bright NW-SE trending bulb-like geometry with thin
sinuous features (Figure 5.7A). This system is cross-cut by a red-purple diverging bulb-shaped
geometry trending to the north east of the Lomond Diapir (Lo). Well 23/21-5 is located in the
centre a cross-cutting bulb-like geometry, which widens to the SW (Figure 5.7A). Depositional
systems with speckled, undulose morphologies can also be observed on the eastern side of Machar
and the south-eastern side of South Pierce diapirs. Outside of these more defined depositional
elements, dark, high frequency, mounded and speckled deposits can be seen. In addition, a number
of dark radiating linear features are present around the diapirs.

In the TOA sequence, high- to medium- density turbidites are the most common facies throughout
the depositional system, accounting for 84% and 81% of cored facies in 23/27-10 and 23/21-5
respectively. Well 23/27-2 has the lowest percentage of high- to medium- density turbidites (57%)
(Figure 5.7A). Overall, the percentage of high- to medium- density turbidites decreases southward
in the study area. MTDs are common south of South Pierce (23/27-7 (26%) and 23/27-2 (22%))
and on the southern flank of North Pierce (23/22a-3; 21%). Wells 23/21-5 and 23/27-10 have
11% and 12% MTDs respectively. Low-density turbidites and mudstones account for 21% of
23/27-2, between 8 and 10% in wells 23/21-5, 23/22a-3 and 23/27-7, and only 4% of 23/27-10
(Figure 5.7A).

Interpretations: The spatial distribution of depositional facies is a complicated three-dimensional
problem that cannot be completely understood using a small subsample of cored data. However,
our observations support the NW-SE tending channelised submarine lobe complex interpretation
of previous workers (Figure 5.7B; Den Hartog Jager et al. 1993; Jennette et al. 2000; Kilhams et al.
2012; 2014; 2015; Eldrett et al. 2015). Cross-cutting bulb-like geometries and their locations are
consistent with the proposed transverse ‘side lobes’” of Hempton et al. (2005) and Eldrett et al.
(2015) (Figure 5.7A). Speckled, undulose geometries adjacent to Machar and South Pierce are in-
terpreted as diapir-derived MTDs based on their chaotic appearance, and apparent attachment to
diapirs (Figure 5.7B). This is similar to ‘locally’-derived MTDs reported elsewhere (e.g., Moscardelli
and Wood 2008; Doughty-Jones et al. 2019; Wu et al. 2020). The radiating linear structures around
diapirs are similar to radial faults reported elsewhere (Coleman et al. 2018).

The high proportions of high- to medium-density turbidites in the T6A sequence, and an overall
decrease in percentage of this facies to the south is consistent with the proximal to distal trend of
the eastern fairway of the ‘Forties fan’ (Figure 5.2C). This is supported by an increasing percentage
of thin-bedded turbidites and mudstones in the distal part of the depositional system, to the South
of South Pierce (Figure 5.7A). Particularly high percentages of high- to medium-density turbidites
around South Pierce could reflect a preferential flow pathway. Well 23/27-10 is slightly off flank
in location and thus could penetrate part of the salt withdrawal basin. Visually 23/27-10 also ap-
pears to be outside of the easterly-trending MTD derived from South Pierce, indicating why it has
one of the highest proportions of high- to medium-density turbidites. The high proportion of
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high- to medium-density turbidites in well 23/21-5 is potentially due to the well’s off-axis position
in the side lobe (Figure 5.7B) as well as its overall proximal location.

The high proportion of MTDs in wells 23/27-2 and 23/27-7 could represent failures from the
Machar diapir, or previous failures (for example within the Maureen or Lista formations) that were
remobilised by subsequent gravity flows (Kilhams et al. 2012; 2014). The location of these wells,
over 5000 m from diapirs, could suggest the MTD facies were allocyclically-influenced and related
to regional failures of the coeval shelf and slope rather than derived from individual diapirs (John-
son 1987; Moscardelli and Wood 2008; Soutter et al. 2018; Doughty-Jones et al. 2019). Well 23/27-
10 could represent a ‘failure shadow’ where certain flanks of the diapir were more stable and there-
fore less prone to failure. The MTDs adjacent to Machar and the Pierce diapirs are likely to be
halokinetically-derived rather than allocyclic due to their attachment and proximity (Moscardelli
and Wood 2008; Doughty-Jones et al. 2019).
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Figure 5.7: A) Spectral Frequency Decomposition map for the Top Lista Formation. Black areas indicate salt diapirs piercing the Top Lista surface: Ma; Machar, Lo; Lomond, NP; North Pierce,
SP; South Pierce. Pie charts for five wells with core in the Paleocene Forties formation (3 order sea level cycle TAG) are shown and located on the map. N refers to the thickness in metres of the cored
stratigraphy. The Top Lista Formation is equivalent to the base of T A6. Core was simplified into three facies classifications (high- to medium-density turbidite, low- density turbidites and mudstones, and

mass failure deposits: Table 5.3; Figure 5.5). Black pobygon around Well 23/27-2 and 23.27-7 is a data gap. MegaSurvey Plus 3D seismic data conrtesy of PGS. B) Interpretation of depositional
elements and salt structures.
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5.6 Results: Effects of lateral spacing in subsurface and models

Analysing the effects of variable diapir spacing (Table 5.5; Figures 5.3 and 5.8) provides insights
into how the presence of multiple diapirs influence stratigraphy, and how changes in the lateral
and temporal extent of a diapir is recorded. Observations from seismic (Figure 5.8) and the varia-
bly-spaced diapirs in the DEM (Figure 5.9) are used to interpret and investigate halokinetic mod-
ulation. Here, we address objectives 2 and 3 by comparing stratigraphic architectures between
variably spaced salt structures and describing the extent of halokinetically-modified stratigraphy
between different distances of confinement.

Table 5.5: VV ariably spaced diapirs used in this study, shown on Figure 5.8. Discussed in fext.

Diapirs Spacing Line Number
(Figure 5.3 and
5.8)

North Pierce — South Pietrce 1000 m 1

Merganser - Scoter 1000 m 2

Monan - Mungo 4000 m 6

Mirren - Monan 4200 m 7

Scoter - Machar 4440 m 2

Machar — Southerly diapir 5200 m 2

Mirren - Mungo 8300 m 5

Machar — South Pierce 10000 m 4

Merganser - Mirren 12900 m 7

Lomond — North Pierce 13200 m 1

Scoter — South Pierce 15000 m 3

Subsurface Observations

Thickness variations are common regardless of diapir spacing (Figure 5.8) and are greatest in salt
withdrawal basins above areas of thinned salt, either between or adjacent to diapirs (e.g., between
Merganser and Scoter, and Scoter and Machar, Line 2, and between Monan and Mungo, Line 6,
Figure 5.8). Thickening is most prominent in the Triassic-Jurassic section, and is also seen within
the Cretaceous and Paleocene units. Both symmetrical (synclinal) (e.g., between Merganser and
Scoter, Line 2, and to the southeast of South Pierce, Line 1, Figure 5.8) and asymmetrical mini-
basins (e.g., between Monan and Mungo, Line 6, and Mirren and Mungo, Line 5, Figure 5.8) are
observed.

Thinning is commonly observed adjacent to the diapirs, and is most extreme in the Paleocene
stratigraphy around South Pierce (Line 1, 3 and 4, Figure 5.8). Here, the overall package almost
pinches out towards the diapir over ~2000 m, and individual reflectors can be seen to onlap. Else-
where thinning is subtle and constrained to within 500-1000 m of the diapir (e.g., Line 2-3, 5-7,
Figure 5.8). Within ~500 m of diapirs there is typically a change from clear, resolvable seismic
facies with continuous reflections, to a dimmer, chaotic facies (e.g., Line 3 and 4, Figure 5.8).

Model Observations

Across all models the thickest part of the syn-kinematic stratigraphy is located where the salt is
thinnest and has the least elevation. This usually coincides with the base of the salt structure (Figure
5.9). Where diapir spacing is large (<4500 m, models M3-M6) two salt withdrawal basins, repre-
sented by depositional maxima, form either side of the diapirs. A slight thinning to background
conditions occurs away from the salt withdrawal basins. With narrow spacing (1500 m, model M1)
the thickest strata is concentrated within the centre of basin between the two diapirs. Where diapir
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spacing is slightly greater (e.g., 3000 m, model M2, Figure 5.9), there is a consistently thick succes-
sion that extends between the two diapirs. Thickening away from the diapirs is also observed in
the early-diapiric stratigraphy.

Thinning of all syn-kinematic layers towards both diapirs is observed in all models and is most
apparent between the salt flank and crest. All models also show the upper five layers thinning
across the crest of the diapirs (Figure 5.9). Early diapiric layers thin towards the diapir, and in
places are absent from the diapir crest where the salt has pierced through. Thinning rates are great-
est in model M1 (0.043%/m), where the diapirs ate closely space. For both the eatly diapiric and
syn-kinematic sections thinning is most apparent in the deformation zone associated with each
diapir, defined as the distance between the two furthest faults related to salt withdrawal. Outside
this zone, stratigraphic modulation by salt growth is minimal, comparable to stratigraphy >5000
m away from salt structures in the seismic examples (Figure 5.8).

Interpretations

Stratigraphic thickness variability: Thickening of stratigraphy adjacent to salt structures is con-
sistent with salt withdrawal basin formation (Hudec et al. 2009; Peel et al. 2014, Jackson et al. 2020;
Rodriguez et al. 2020; Howlett et al. 2020). M1 and M2 show that the thickest part of the syn-
kinematic stratigraphy is in the axis of the depocenter between them, in agreement with observa-
tions of closely spaced subsurface diapirs (e.g., Scoter and Merganser, Scoter and Machar, Line 2,
North and South Pierce, Line 1, Figure 5.8). Abrupt stratigraphic thickness changes are likely due
to the high degree of confinement. In models where the diapirs are more widely spaced (>3000
m) or in subsurface examples that do not have other laterally confining diapirs (e.g., NE of Mungo
in Line 5 and 6, Figure 5.8), the thickest part of the stratigraphy is adjacent to the diapir and is
influenced by salt withdrawal. The thickening at the base of the diapir slope observed from the
seismic in the study area and the models is consistent with field observations of thick sandstones
at the base of topography, typically the result of rapid flow deceleration (Kneller and McCaffrey
1999; Reilly and Lang 2003; Aschoff and Giles 2005; Soutter et al. 2019; 2021). Asymmetrical
thickening packages may reflect a shift in minibasin axis through time (Mayall et al. 2006; 2010;
Jones et al. 2012; Wang et al. 2017; Ge et al. 2020) likely related to differential growth of the diapirs
confining the stratigraphy (Warsitzka et al. 2013; Harding and Huuse 2015; Jackson and Hudec
2017).

Thinning in close proximity to the diapirs suggests that these packages represent halokinetic se-
quences (<1000 m wide) related to individual diapirs (Giles and Lawton 2002; Rowan and Giles
2021), rather than broader-scale minibasin syn-kinematic sequences. This is in agreement with
previous work around the Pierce diapirs (Carruthers et al. 2013). In the models, thinning rates
appear to be more exaggerated when stratigraphy is confined between closely-spaced diapirs (e.g.,
in M1 stratigraphic thinning is 0.043%/m). In contrast, in seismic observations the amount of
thinning is more subtly influenced by diapir spacing (e.g., 0.0126%/m thinning between North
and South Pierce (1000 m) and 0.006%/m between Machar and the Southetly diapir (5200 m)). In
some cases, closely-spaced diapirs (North and South Pierce in Line 1, Figure 5.8) show the thickest
part of stratigraphy to be in the axis between the diapirs, and thinning occurring towards either
diapir (at a rate of 0.0126%/m). In other cases, in the absence of dual confinement, more dramatic
thinning (0.058%/m in the Paleocene SE of South Pierce, Line 1, Figure 5.8) is observed showing
that thinning rates are influenced by a number of variables, including diapir rise rate (Vendeville
and Jackson 1992; Rowan et al. 2003; Giles and Rowan 2012; Rowan and Giles 2021; Cumberpatch
et al. 2021¢;d). Our models replicate the thinning over diapiric crests observed in subsurface data
(e.g., the Cretaceous — Eocene thinning over the Scoter diapir in Line 3; Figure 5.8). Thinning over
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the diapir crest suggests that the topography from the diapirs continue to have influence on dep-
osition even when they are not penetrative or present at the surface (Pratson and Ryan 1994;
Oluboyo et al. 2014; Saura et al. 2016; Doughty-Jones et al. 2017; Cumberpatch et al. 2021 b;c;d).

The apparent dimming of seismic facies towards diapirs could represent a change in depositional
character when systems approach the salt structures. This could be reflective of an increase in mud
proportion, as well as a thinning, of units towards the diapir as the higher density part of the flow
is unable to run up topography (Kneller and McCaftrey 1999; Birch and Haynes 2003; Counts et
al. 2019; Soutter et al. 2019; 2021; Cumberpatch et al. 2021 b;c). Alternatively, this change in seis-
mic facies could reflect an upwards rotation in stratigraphy causing seismic imaging problems,
and/or tuning effects due to thinly bedded units, potentially masking lithological variations (Jones
and Davison 2014).

Lateral and temporal evolution of stratigraphic modulation: Stratigraphic thickness variations
and rotation of bedding decreases laterally away from individual diapirs (Figure 5.8) in agreement
with current understanding (Alsop et al. 1995; 2000; Giles and Rowan 2012; Doughty-Jones et al.
2017; Rowan and Giles 2021). Between closely spaced diapirs (e.g., North and South Pierce Line
1, Figure 5.8) the halokinetic influence of one diapir is laterally connected to the halokinetic influ-
ence of the diapir, such that the zone between diapirs is influenced by both. When diapirs are
>5000 m apart, there is often a zone of consistent stratigraphic thickness and stratal dip between
them where minimal modulation occurs (e.g., Scoter to South Pierce, Line 3 and Merganser to
Mirren, Line 7, Figure 5.8). Between these wider spaced diapirs, stratigraphy does not respond to
diapir separation. This stratigraphic sequence may be difficult to decipher from strata outside salt
provinces, although the bedding may still be influenced by long wavelength deformation. Subtle
topography associated with irregularities in the autochthonous salt, smaller diapirs and earlier (Tri-
assic) rifting can influence subsequent stratigraphy without the need for a long-lived salt diapir
(e.g., southeast of South Pierce in Line 1, northeast of Mungo in Line 6, Figure 5.8).

The halokinetic influence on stratigraphy reduces upwards, reflected by less thickness variability,
fewer pinch outs and less rotation of beds in younger stratigraphy (Figure 5.8). Several diapirs have
long-lived influences on stratigraphy, causing thickness variations and termination of stratigraphy
often until the Pliocene-Pleistocene, resulting in topography only being healed at the seabed (e.g.,
Merganser, Line 2, Figure 5.8). The Scoter diapir has an influence on stratigraphy until the end of
the Focene, after which its remnant topography appears healed (Line 2 and 3, Figure 5.8). In the
models, halokinetic modulation reduces away from diapirs in both directions to the minimal de-
formation zone (undeformed zone). Stratigraphic modulation also reduces with time (upwards)
(Figure 5.9). Through time, the amount of stratigraphic upturn shallows out, with the syn-kine-
matic strata being upturned less than the early diapiric sequence. Even the uppermost syn-kine-
matic layer is influenced by diapiric topography and exhibits minor thinning, however subsequent
deposition would probably heal the diapir topography. This reduction in halokinetic influence up-
wards reflects the increasing sedimentation input within the model, and does not appear to be
influenced by diapir spacing.

Modelled results indicate that stratigraphic modulation is more intense where diapirs are closer
together. This could be due to overlapping deformation zones between diapirs (Booth et al. 2003;
Fernandez et al. 2020). Previous work (Cumberpatch et al. 2021¢;d) has shown that a deformation
zone of 1150 m either side of a 750-metre wide diapir is expected. Therefore, in M1 the defor-
mation zones of each individual diapir overlap, increasing the intensity of deformation. Thus, while
it is poorly imaged, it is likely that the 1000 m between North and South Pierce, and Merganser
and Scoter (Figure 5.8), do not have an undeformed section at the centre. Our model results show
that once diapirs are spaced more widely than 3000 m, an area of non-deformation between them
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akin to the ‘undeformed zones’ described in Cumberpatch et al. (2021¢;d) develops. Subsurface
diapirs that are spaced at ~4000-5000 m (e.g., Monan and Mungo, Scoter and Machar, Figure 5.8),
have <1000 m of the ‘minimally deformed’ zone between them. Examples of diapirs that are fur-
ther away from each other (>5000 m), show a central section which appears undeformed or expe-
riences minimal deformation, owing to the distance from the salt structures (Alsop et al. 2000;
Oluboyo et al. 2014; Doughty-Jones et al. 2017).

For simplicity, our models do not include an irregular top salt geometry or any early diapiric rift
topography. Therefore, the subtle amounts of deformation seen between diapirs in the subsurface
examples (e.g., Triassic to Eocene stratigraphy being modulated by a subtle top salt irregularity NE
of Mungo in Line 5, and over LLomond in Line 1, Figure 5.8) are not replicated. In the modelled
‘undeformed zones’ between diapirs it is likely that antecedent topography and deformation would
cause subtle ‘minimal’ halokinetic modulation in nature, despite the distance from penetrative di-
apirs as is observed in the North Sea, Offshore Angola and Bolivia (Hodgson et al. 1992; Poliakov
and Podladchikov 1992; Penge et al. 1993; Erratt et al. 1999; Birch and Haynes 2003; Borsa et al.
2008; Oluboyo et al. 2014; Charles and Ryzhikov 2015; Howlett et al. 2020). This suggests that
while modulation of stratigraphy by a specific diapir is improbable several kilometres away, salt-
influenced basins are unlikely to contain purely ‘undeformed’ stratigraphy.

The overall reduction in salt influence through time is consistent across models and subsurface
observations (Figures 5.8 and 5.9). Prior to that, subsurface observations show that regardless of
whether the diapir was growing or static, there would still have been topography influencing dep-
ositional systems and thus stratigraphic architectures (Pratson and Ryan 1994; Prather et al. 1998;
2012; Cumberpatch et al. 2021b). Once topography is buried, the subsequent depositional system
and stratigraphic architecture will be ‘undeformed’, unless the salt structure is reactivated by sub-
sequent movements (Harding and Huuse 2015; Wu et al. 2016; Dooley and Hudec 2020).
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5.7 Discussion

Controls on Paleocene facies distribution

Facies distribution is controlled on a number of scales across the Eastern Central Graben (ECG)
(Den Hartog Jager et al. 1993; Jennette et al. 2000; Hempton et al. 2005; Eldrett et al. 2015), which
cotrespond to 2™ -5" order topography (Kane et al. in prep). One of the most fundamental con-
trols on facies distribution is the basin-bounding horst and grabens, which controls the distribution
of depositional sinks (2™ order topography; Penge et al. 1993; Erratt et al. 1999; Bouroullec et al.
2018; Phillips et al. 2019; Tilhams et al. 2021). Basin-floor fans were supplied along the graben
axis, either directly from these fluvial-dominated shorelines or from shelf collapse and bypass, by
a combination of turbidity currents and mass flow processes (Jennette et al. 2000).

Salt structures, such as diapirs, are thought to influence depositional processes and subsequent
deposits at a smaller scale due to flow re-routing and the formation of depositional shadows (3"-
4™ order topography; Figures 5.1 and 5.7; Mayall et al. 2010; Rodriguez et al. 2020). Diapiric influ-
ence on depositional systems is typically radial around a diapir on a kilometre scale (Giles and
Lawton 2002; Giles and Rowan 2012). Diapirs in the ECG act to re-route, confine and cause
termination of localised parts of depositional systems (Figure 5.7; Hempton et al. 2005; Eldrett et
al. 2015; Charles and Ryzhikov 2015). On a local scale, (specifically within 3 kilometres radially),
the diapirs act to influence depositional sedimentary processes, stratigraphic thickness, architec-
ture, facies variability, distribution and transitions, diagenesis and subsequent fluid flow and mi-
gration (Davison et al. 2000; Hempton et al. 2005; Eldrett et al. 2015; Kilhams et al. 2015). On the
scale of the entire graben, however, the diapirs have only a subtle influence on the overall deposi-
tional system (i.e., the 3" — 4™ order topography in superimposed on the 2™ order topography).

Other structures observed in our subsurface data include saddle zones between diapirs, an irregular
base and top salt surface, and smaller diapirs where growth has ceased (3"-4" order topography;
Figure 5.8; Hodgson et al. 1992; Poliakov and Podladchikov 1992; Penge et al. 1993; Erratt et al.
1999; Borsa et al. 2008; Oluboyo et al. 2014; Chatles and Ryzhikov 2015; Hale et al. 2020; Howlett
et al. 2020). These topographic features, like the diapirs, have a localised control on depositional
facies and stratigraphic architecture, but their effects are unlikely to be felt a few kilometres away
(Giles and Rowan 2012; Rowan and Giles 2020; Cumberpatch et al. 2021a). Additionally, local
topography that can cause re-routing of sedimentary facies throughout the Paleocene stratigraphy
are associated with diapirically-derived mass transport deposits (Figures 5.6B and 5.7; Scott et al.
2010; Carruthers et al. 2013), and the palaeotopography of eatlier depositional systems (3*-5" or-
der topography; Eldrett et al. 2015).

The distribution of depositional facies around diapirs (Figure 5.7), whilst controlled by the type,
amount and spacing of confining topography, is perhaps more influenced by the allogenic and
autogenic controls related to the depositional system itself (e.g., Ferguson et al. 2020). The extent
and facies of the axial Paleocene deep-water systems (i.e., the Forties FFan) is ultimately controlled
by sediment supply and accommodation availability (Den Hartog Jager et al. 1993; Evans et al.
2003). Source area geomorphology, predominantly controlled by steep basin margins, combined
with high sedimentation rates, ultimately influence the size, geometry and distribution of deep
marine systems in the study area (Den Hartog Jager et al. 1993; Charles and Ryzhikov 2015). The
overall axial system is modulated by interspersed deposition of lateral ‘side lobes’ (Figure 5.7; El-
drett et al. 2015; Kilhams et al. 2015).

MTDs in the study area are reported to be either regionally-derived from up-dip slope failures
(Kilhams et al. 2015 Soutter et al. 2018; Cox et al. 2020) or locally-derived from diapir crests (Da-
vison et al. 2000; Back et al. 2011; Kilhams et al. 2015; Arfai et al. 2016; Grimstad 2016). Our
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sampling of wells in close proximity to diapirs could be biased towards locally-derived MTDs. In
our spectral frequency decomposition data, MTDs derived locally from diapirs are observed (Fig-
ures 5.6 and 5.7), typically displaying undulating geometries and chaotic facies. Their apparent
attachment to, radial nature around, and thinning away from salt diapirs suggest that these are
diapir-sourced and likely to consist of translated material that has moved no more than a few
kilometres down the flanks of an individual salt structure (Doughty-Jones et al. 2019). This is
further supported by remobilised clasts and thin beds evident in cored wells on diapir flanks (Fig-
ures 5.5I-L and 5.6B; Kilhams et al. 2015; Doughty-Jones 2019; Cumberpatch et al. 2021b). Our
observations of local, diapirically-derived failures within ~2000 m of diapirs is consistent with
global observations of structural deformation (Alsop et al. 1995; 2000), halokinetic sequences
(Giles and Rowan 2012) and sedimentary facies (Doughty-Jones et al. 2019; Rodriguez et al. 2020;
Wu et al. 2020; Poprawski et al. 2021). MTDs that contain seismically-resolvable clasts, are not
connected or derived from diapirs, do not show significant lateral thickness variation (Figure 5.6B)
and are more likely to be regionally-derived (Soutter et al. 2018; Doughty-Jones et al. 2019; Cox et
al. 2020).

How confined is confined?

In this study, we show that the modulation of stratigraphy by confinement is influenced by diapir
spacing (Figures 5.8-5.10). Where diapirs are very close together we observe intensely modified
zones between them, with the highest amount of bed rotation, stratal terminations and thickness
variability (e.g., thinning rates of 0.0126%/m between North and South Pierce Line 1, Figure 5.8
and 0.043%/m in M1, Figures 5.9 and 5.10). In natural systems (Figure 5.8), closely spaced (<3000
m) diapirs may have different growth histories and the internal stratigraphic architectures may be
asymmetric reflecting the shift in minibasin axis through time due to differential growth of the
diapirs and palaeotopography of previous deposits (Mayall et al. 2006; 2010; Jones et al. 2012;
Wang et al. 2017; Doughty-Jones et al. 2017; Ge et al. 2020). When diapirs are more widely-spaced
(>3000 m), a zone of minimal or ‘non’ deformation appears to develop between the two structures,
which occupies more than half of the lateral distance between the diapirs, where both early diapiric
and syn-kinematic stratigraphy experience minimal deformation related to salt diapirs, and the
stratigraphic thickness and bedding orientation remain constant, in agreement with natural global
analogues (Booth et al. 2003; Oluboyo et al. 2014; Sylvester et al. 2015; Rodriguez et al. 2020). It
is, however, unlikely that these areas will be completely free from deformation due to the nature
and complexity of salt basins. Minor modulation of stratigraphy is likely to exist across salt-influ-
enced basins regardless of the distance from active, penetrative salt structures due to the presence
of subtle structurally- and stratigraphically-controlled topography described above (Penge et al.
1993; Erratt et al. 1999; Birch and Haynes 2003; Borsa et al. 2008; Chatrles and Ryzhikov 2015;
Hale et al. 2020; Howlett et al. 2020).

Fundamentally our study shows that, where zones of halokinetically-influenced stratigraphy asso-
ciated with two closely spaced (<1500 m) diapirs interact, a zone of intense modulation with highly
deformed strata, and thinning rates in the order of 0.0126-0.058%/m, is created (Figure 5.10). By
comparison, when diapirs are widely-spaced (>4500 m) a central broad plateau, which occupies
more than half of the lateral distance between the diapirs, appears to develop in models, which
experiences very limited deformation (Figure 5.10). The same zone is represented by extensive,
flat depositional lows between diapirs in subsurface examples (Figure 5.8, Harding and Huuse
2015; Jackson and Hudec 2017; Pichel et al. 2017; 2019; Grant et al. 2019). In diapirs that are
intermediately spaced (1500 — 4500 m) a central modulation zone between the two diapirs is pre-
dicted, but deformation appears to decrease from the diapirs towards the centre of the modulation
zone, suggesting there may be a small zone of ‘non-deformation’ which is difficult to decipher
(Figure 5.10). This is in agreement with observations of polygonal faulting variation and intensity
around and between salt diapirs (Stewart 2000).
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This manuscript has focussed on the confinement of stratigraphic packages by salt structures, spe-
cifically focussing on diapirs. As previously discussed, there are other types of confining features
present in the ECG and other salt-influenced basins including topography created by: broad-scale
rifting (Davison et al. 2000; Borsa et al. 2008; Jackson et al. 2017; Bouroullec et al. 2018; Tilhams
et al. 2021), previous mass transport deposits (Armitage et al. 2009; Ortiz-Karpf et al. 2015; 2016;
Soutter et al. 2018; Doughty-Jones et al. 2019; Wu et al. 2020; Cumberpatch et al. 2021a) and
previous lobes (Jennette et al. 2000; Hempton et al. 2005; Prélat et al. 2009; Kilhams 2012; 2014;
2015; Eldrett et al. 2015; Doughty-Jones et al. 2017; Bell et al. 2018; Hansen et al. 2019). Therefore,
it is most useful to have an integrated understanding of all scales and types of topography operating
in salt basins, regionally and locally (Clark and Cartwright 2009), in order to be in the best place to
predict how sediment routing may occur, rather than treating individual topography styles as iso-
lated.

So far, we have focussed on how spacing of diapirs controls the amount of modulation experi-
enced by early diapiric and syn-kinematic stratigraphy, and have discussed the influence of differ-
ent types of topography. However, the amount of modulation is influenced by a number of other
factors, which we consider here. Put simply, it is likely that the higher the number of diapirs or salt
structures in a basin, the more complicated the confining topography is, and therefore the more
complicated the sediment routing pathways are. Diapirs, somewhat randomly distributed across a
basin, are more likely to cause a complicated, variable sediment routing pathway and therefore
facies distribution compared to linear salt walls (Oluboyo et al. 2014). The geometry of the salt will
also have a control on the amount of stratigraphic modulation experienced. An overhanging com-
plex geometry, for example in the Gulf of Mexico (Murray 19606; Ratcliff et al. 1991; Talbot 1993;
Jackson and Hudec 2017), will have a more complicated influence on stratigraphy than a radial
diapir or salt wall. Overhanging allochthonous salt may reduce the imaging quality of sub-salt to-
pography, such as variations in salt geometry and sub-salt faulting, preventing a detailed analysis
of different scales of topography and their influence on stratigraphy (Ratcliff et al. 1991; Jones and
Davison 2014, Chen et al. 2018). Salt walls are likely to exhibit a more regionally extensive impact
on stratigraphic architecture and facies distribution compared to salt diapirs, because confinement
is more extensive laterally (for 10s to 100s of kms), rather than only being influential for a few
kilometres around the diapirs (Oluboyo et al. 2014; Doughty-Jones et al. 2017; Rodriguez et al.
2020). Diapir size, specifically width, can also exhibit a significant control on the extent of defor-
mation zones formed by salt diapirs (Cumberpatch et al. 2021b,d), with wide, tall diapirs having
the most laterally and temporarily extensive effects on stratigraphy (Giles and Rowan 2012; Jack-
son and Hudec 2017). Salt layer initial thickness has been shown to control diapir spacing and thus
the amount of stratigraphic modulation, at a ratio of 1:12 to 1:20 (Hernandez et al. 2018). Another
control on stratigraphic modulation between diapirs is the relative ratio between salt rise and sed-
imentation rate. If sedimentation rate is higher than diapir rise rate the topography will become
subdued, and thus the sedimentary architecture unconfined. In this case the stratigraphic character
will exhibit an upwards reduction in confinement over relatively short time intervals, on the order
of millions of years (Booth et al. 2003; Sylvester et al. 2015; Wang et al. 2017; Ge et al. 2020;
Cumberpatch et al. 2021b).
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Figure 5.10: Comparative diagram showing exanmples of different spaced diapirs in subsurface and model datasets used in this
study, and the key observations associated with those different amounts of diapir spacing. Seismic data is from Figure 5.8, models
are from Figure 5.9 (numbered), and represent the central 7500 m of the 13500 m model. Models overlain with a stratigraphic
interpretation, the different shades of brown-yellow represent different stages of sedimentation (2.2-3 Myr, 3-3.8 Myr, 3.8-4.6 Myr).
Schematies show the key modulation Zones and trends.

Implications for reservoir quality and stratigraphic traps

Despite advances in extent and resolution of 3D seismic reflection imaging, the salt-sediment in-
terface remains difficult to image, yet determining its position and precise geometry is crucial in
helping to appraise stratigraphic-structural traps for hydrocarbon, carbon storage, and geothermal
prospects globally (Jones and Davison 2014; Warren 2010).

This work has enabled the subdivision of the region between two diapirs in salt-influenced settings
into four zones; minimal modulation, salt withdrawal basin, salt flank and salt crest (Figure 5.11A,
B). Overall, the halokinetic influence decreases away from the diapirs, from the salt crest to the
undeformed zones, and thus reservoir quality and thickness increases away from diapirs, whilst the
stratigraphic trap potential increases towards them (Figure 5.11C). Diapir spacing controls the
presence, extent and width, of the minimal modulation zone between the salt withdrawal zone
between diapirs (Figure 5.11). Between narrowly spaced diapirs (M1), each individual zone is small,
with a strip of salt withdrawal basin between them (that accounts for 31% of the distance between
the diapirs). In this zone, good, thick, amalgamated reservoirs are likely to develop, but structural
traps are limited (Figure 5.11D). In intermediate spaced diapir scenarios (M2), the salt withdrawal
basin between the diapirs is larger than in the narrow spaced diapirs (accounting for 53% of the
distance between the diapirs), but the other halokinetic zones have similar lateral extents. Defor-
mation decreases towards the centre of the salt withdrawal basin, but there appears to remain some
subtle modulation of stratigraphy at the centre, suggesting that reservoir units will not be com-
pletely undeformed, and still experience some deformation due to halokinetic-influence however
this is difficult to decipher from the ‘minimal modulation’ (Figure 5.11D). Where diapirs are widely
spaced (>3000m, M3-6) giving a zone of ‘minimal modulation’ (responsible for over 56% of the
distance between the diapirs in M3) good quality reservoir properties may be expected (Figure
5.11D). With increasing diapir spacing, the zone of ‘minimal modulation’ lengthens, and therefore
thick reservoir units could be laterally extensive (Figure 5.11 A, D). However, this zone may be
influenced by other types of topography described above. Regardless of diapir spacing, the salt
crest and flank zones are generally the same size, with a ratio of ~1:2-2.6 between the outer ‘min-
imal deformation zones’ in all models. Reservoir thickness and quality decreases in these locations
as the high-density part of flows, responsible for thickest sandstones are unable to run up topog-
raphy (Figure 5.11D; Kneller and McCaffrey 1999; Soutter et al. 2019).

There is a trade-off in terms of play suitability due to lack of trapping mechanism (Figure 5.11B).
Combined structural-stratigraphic traps are more likely to develop where diapirs are closely spaced
(Figure 5.11), but any resources will be laterally confined and limited in size (at least in two-dimen-
sions). Furthermore, steep dips will result in large column heights such that higher sealing capacity
will be needed to form a working trap. Nonetheless, due to the topography of the top and base
salt, non-piercing diapirs and salt related faults at depth, there may also be structural closures fur-
ther away from salt diapirs, reaffirming knowledge that subsurface energy plays in salt basins do
not always require penetrative diapirs (Jackson and Hudec 2017). Deep-water fans with limited
petroleum trapping potential may still be useable for carbon dioxide storage as long as they do not
lead to leakage points at diapir flanks or areas where the aquifer is less than 800 metres below sea
level where the CO2 would enter its gaseous phase (Lloyd et al. 2021).

Whilst this study has focussed on a specific basin, its combination of numerical modelling and a
wealth of data from the North Sea make it useful globally for gaining a better understanding of
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the effects of diapir spacing on stratigraphic architectures. Whilst our simulations are an oversim-
plification, with stratigraphic and structural evolutions well known and controlled, they are useful
for providing generic end member scenarios, which can be populated with basin specific data and
understanding. The overall aim of this work is to improve understanding to help better predict
halokinetic modulation in salt basins. Due to a number of limitations arising from using a two-
dimensional model to simulate such complicated three-dimensional systems further work is in-
tended using three-dimensional models.

231



{i} 2HBH{ah{3l{2h{3Hah{3h {2} {i} 1|

e — - — T
Inner 10000 m o
— 8.7:087:1.18: 1§
Between diapirs Between outer [fi3

31%:46%: 23%) zones 1
1.08:2.03:1 l

13500 m

Between outer
:..--..---l...l |

zones 1

Zone Name Bedding Orientation Reservoir Implications Trap Implications
. Limited deformation, beds | Good quality, thick reservoir Traps are not related to salt
M'"'"‘?' are horizontal and consistent|units, high gross rock thickness.| structures, stratigraphic traps
Modulation thickness, slight plateau in | Stacking not modulated by salt | (e.g. lobes encased within mud-
11 M3 between diapirs. growth. Allogenically controlled. stone) could be present.
Salt Broadly horizontal syn-kine- | Good quality, thickest reservoir| Limited structural traps due to
Withdrawal |matic, subtle low angle dip in| units, highest gross rock thick- | location within salt withdrawal
Basin pre-kinematic. Syn-kinematic| ness ponded in basin. Haloki- | basin. Requires stratigraphic
[2] thickest, some variation. netically influenced. trapping.
Salt Pre-kinematic beds rotated [Reservoirs thin towards the dia-| Onlap stratigraphic traps and
Flank steeply, towards vertical. | pirs, net-to-gross is lower and | stratigraphic-structural traps.
3] Syn-kinematic beds rotated | units are likely to have lower |Hydrocarbon column height is a
towards the salt structure. reservoir quality (muddier). high risk.
salt Pre- and early syn-kinematic| ~Reservoir units missing (in | Subtle folding of stratigraphy
Crest missing. Late syn-kinematic |pre-kinematic and early syn-kin-over the diapir crest may create
4] is horizontal and thins over | ematic). Late syn-kinematic is | anticlinal or differential compac-
the crest. thinned, reducing net-to-gross. tion traps.

Figure 5.11: A) Halokinetic zonation scheme shown for M1, M2 and M3. The models are divided into 4 Zones, 3
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quality are likely higher further from the diapir, showing a ‘trade-off’ exists for subsurface energy exploration and production. Central gomne between the two diapirs in M3 represents a gone of stratigraphy
with minimal deformation, this zone is more extensive in M4-MG6. Net-to-gross (NTG) and porosity values taken from Everest and Arran fields of the Eastern Central Graben (Nagatomo and Archer
2015), C) Zoom ins of representative model observations for each gone. D) Equivalent metre sections of core from each zome taken from the Eastern Central Graben (ECG) study area, core viewings
available at the British Geological Survey.
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5.8

Conclusions

We integrate results from subsurface data and a discrete element model (DEM) to better under-
stand the halokinetic modulation of stratigraphic architectures by variably-spaced salt diapirs, in
order to reduce reservoir and trap uncertainty in subsurface energy exploration and development.
We have demonstrated that:

1)

3)

In the Paleocene of the Eastern Central Graben, channels and lobes are influenced (re-
routed and confined) by salt growth on a range of scales (from centimetre-scale
sedimentological character in core, to kilometre-scale geomorphological attributes in
seismic). Mass transport deposits are present and appear to be diapir-derived. The
distribution of depositional facies around diapirs is influenced by the type, amount and
spacing of confining diapir topography.

Comparison between models and subsurface data have shown that diapir spacing strongly
influences stratigraphic thicknesses, minibasin geometries and extent of the halokinetically
influenced zone, such that when the spacing between diapirs is:

a) Close (<3000 m e.g, Ml and North to South Pierce diapirs):
(i) The thickest part of the stratigraphy is within the axis of the salt withdrawal basin.
(i) A synclinal-shaped minibasin with steeply rotated flanks develops between diapirs
recording their growth.
(i) The zone of halokinetic influence of one diapir is laterally connected to the other,
such that the zone between them is influenced by both structures (46% of the space
between the diapirs is salt flank zone, compared to 19% in wider spaced models). This
creates a region of intense constructive interference (modulation) and topographic per-
turbation where stratigraphy is highly deformed.

b) Intermediate (3000-4500 m e.g., M3 and Mirren to Monan diapirs):
(i) Thinning directly adjacent to diapirs is common, and thickest stratigraphy is in salt
withdrawal basins.

(if) Halokinetic influence is highest adjacent to salt structures and decreases away from
them.

(i) A central minimal modulation zone is present between the two diapirs in eatly
diapiric and syn-kinematic stratigraphy, this occupies 53%-72% of the distance be-
tween the diapirs and comprises of a transition between the salt withdrawal basin and
minimal modulation zones which is often hard to decipher.

c) Wide (>4500 e.g., M5 and Machar to South Pierce diapirs):

(i) The thickest stratigraphic succession is directly adjacent to the diapir.

(if) Between diapirs there is a zone where stratigraphy is relatively flat, forminga plat-
eau.

(i) There is an extensive zone of minimal deformation that develops between the

diapirs, this occupies more than 65% of the distance between the diapirs.

Due to the complexity of salt basins, and therefore the presence and variability in the eatly
diapiric stratigraphy and salt-related faults, even these ‘minimal modulation’ zones are
likely to contain gently modulated stratigraphy. Subsurface energy prospects are likely to
be influenced by subtle salt-related topography even 10s of kilometres away from diapirs.
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Chapter 6: Synthesis

This chapter intends to provide a synthesis of the results, discussions, conclusions and applications
of the previous chapters, within the context of the three broad research aims set out in Chapter 1.
It also aims to evaluate the importance of using multiple different data sets and methodologies to
further our multi-scalar understanding of the salt sediment interface, with focus on the implica-
tions for subsurface energy exploration and production. Future research questions and directions
generated by this study are also proposed.

6.1 How do deep-water facies and architecture vary around salt structures?

Summary

Stratigraphic packages that thin and rotate towards salt structures (halokinetic sequences) are re-
sponsible for progressive facies changes adjacent to diapirs (Giles and Rowan 2012). These se-
quences are bound by progressive unconformities, and steepen towards the diapir (Giles and Law-
ton 2002). These steep sections are subject to intense brittle and plastic deformation. Brittle de-
formation is characterised by fault and fracture density, which decrease away from diapirs (Alsop
et al. 2000). Plastic deformation is characterised by soft sediment deformation, driven by move-
ment of the mobile substrate, and is common outside (and stratigraphically above) the brittle de-
formation zone (Birch and Haynes 2003). Common features in salt basins include: hybrid beds,
injectites, soft sediment deformation, ripple reflections and amalgamated sandstones (Booth et al.
2003). Mass transport deposits (MTDs) are often intercalated with these sequences, and could be
regionally- or locally- derived (Hunnicutt 1998; Giles and Rowan 2012; Doughty-Jones et al. 2019;
Wu et al. 2020; Poprawski et al. 2021). While none of these features alone is diagnostic of the
presence of evolving seafloor topography, the combination and repetitive patterns described can
give some indication.

A typical stratigraphic profile (Figure 6.1) is characterised by an upwards thickening and coarsening
associated with the progradation of the sedimentary system, intercalated with MTDs. This often
represents a transition from initial pootly developed or distal channel and/or lobe sub-environ-
ments (thin-bedded sandstones interbedded with mudstones) to more developed, longer lasting or
more proximal channels and lobes (medium to thick-bedded, often amalgamated sandstones) up-
wards (Figure 6.1; Booth et al. 2003; Mayall et al. 2010; Oluboyo et al. 2014; Doughty-Jones et al.
2017; Jackson and Hudec 2017). This shallowing-upwards trend reflects an increase in sedimenta-
tion rate relative to diapir rise rate (Giles and Rowan 2012). Vertical trends adjacent to diapirs
typically represent a loss of confinement (Sylvester et al. 2015) and are associated with a reduction
in the number of MTDs up-section (Figure 6.1; Booth et al. 2003; Doughty-Jones et al. 2019; Wu
et al. 2020).
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Outcrop observations around the Bakio diapir, Northern Spain (Chapter 3) provide bed to lobe
scale observations of facies and architectures variability. These observations confirm the typical
stratigraphic profile, often recognised in seismic data sets, whereby relative deformation rate de-
creases through time, relative sedimentation rate increases through time, and as such confinement
decreases temporally (Figure 3.11; Booth et al. 2003; Doughty-Jones et al. 2019; Wu et al. 2020).

The lowermost siliciclastic fill (Black Flysch Group) of the Sollube basin is dominated by thin-
bedded sandstones, with localised debrites on the flanks (Figures 3.9. 3.11 and 3.14). As the basin
developed, thicker-bedded sandstones representing channel fills and lobes were deposited in topo-
graphic lows (basin axis), consistent with subsurface analogues (e.g., Booth et al. 2003; Madof et
al. 2009; Mayall et al. 2010; Doughty-Jones et al. 2017) and numerical models (e.g., Sylvester et al.
2015; Wang et al. 2017). Towards the flanks, the lower-density parts of the flows responsible for
the thick-bedded sandstones may run up topography, depositing thin-bedded sandstones (Kneller
et al. 1991; McCaffrey and Kneller 2001; Barr et al. 2004). Therefore, allocyclically-controlled, ax-
ially-derived, and often the thickest stratigraphy is observed in the axis of the minibasin. Haloki-
netically-controlled (e.g., debrites) or -influenced (e.g., thickness variations) stratigraphy occurs
towards the basin margins. These interpretations are consistent with those from other subsurface
studies (e.g., Doughty-Jones et al. 2017; Wu et al. 2020; Rodriguez et al. 2020), which suggest that
stratigraphy closer to the diapir experience more deformation, showing higher proportions of
MTDs. Whilst in the axis of the minibasin, further from the diapir, sandstone deposition with
minor modulation may be observed as gravity flows respond to the remnant topography of the
diapir (Figure 3.14).

Model observations show that stratigraphic architectures, thinning rates and modulation on a strat-
igraphic to mega-sequence scale are heavily influenced by relative sedimentation rates (Chapter 4).
Thinning rates are shown to be up to six times greater in the 350 m immediately adjacent to the
diapir compared to 1500 m away, therefore allocyclically controlled stratigraphic architectures, and
associated facies (not modelled) are confirmed to be modulated by halokinesis. Relative sedimen-
tation rate controls the amount of stratigraphic architecture variability, with deposition under slow
sedimentation rates being restricted to salt withdrawal basins either side of the diapir throughout
evolution, while other sedimentation rates and styles (intermediate, fast, increasing and decreasing)
eventually occurs over the diapir crest, often associated with significant lateral thickness variability
(Figures 4.5 and 4.0).

Core observations at bed scale, reveal very similar facies in the Eastern Central Graben (ECG) to
those identified in outcrop and previous subsurface studies (Figure 5.5; Birch and Haynes 2003;
Scott et al. 2010; Eldrett et al. 2015; Doughty-Jones et al. 2019). Facies analysis of the Paleocene
stratigraphy in the ECG study area (Chapter 5) reveals that channels and lobes are influenced (re-
routed and confined) by salt growth on a number of different scales, from centimetre-scale sedi-
mentological character in core, to kilometre-scale geomorphological attributes in seismic datasets.
Opverall, there is a proximal to distal decrease in thick-bedded high density turbidites, and increase
in lower density turbidites, consistent with reported reductions in reservoir quality distally (Hemp-
ton et al. 2005; Kilhams et al. 2012; 2014; 2015; Charles and Ryzhikov 2015). These predominantly
allocyclic depositional systems are influenced by mass transport deposits, which appear to be dia-
pirically-derived. The distribution of Paleocene facies radially around diapirs in the ECG is influ-
enced by the type, amount and spacing of confining diapir topography. Facies distributions are not
symmetrical around the diapirs due to a complex interaction of these controlling parameters and
different scales and types of topography.
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Development of a coeval deep-water axial and debrite rich lateral depositional system
Both the outcrop (Chapter 3; Cumberpatch et al. 2021b) and subsurface (Chapter 5) analogues
record coeval development of axial deep-water depositional systems and transverse debrite rich
depositional systems (Figure 6.2). Field observations from Bakio, provide compelling evidence
that, on a lobe to lobe-complex scale, the stratigraphic architecture is controlled primarily by sys-
tem progradation. This is likely driven by the increase in sediment supply from the L.andes Massif
(Garcia-Mondéjar et al. 1996; Martin-Chivelet et al. 2002; Puelles et al. 2014), and/or increased
flow efficiency from confinement (Hodgson et al. 2016). Lateral switching of lobes, which is ex-
pected in unconfined settings, appears to be limited in confined settings due to a reduction in the
amount of space available for switching to take place due to the confining topography (e.g., Mayall
et al. 2010; Oluboyo et al. 2014).

The field work study indicates that the dominant style of interaction between gravity flows and
topography is lateral confinement, with channels and lobes in the Sollube (dual confinement) basin
being thickest in the axis and elongated parallel to the margins of the salt- controlled basin. This
‘funnelling’ arises because lateral topography reduces flow loss to overspill and causes flow decel-
eration resulting in the system remaining turbulent for longer. Ultimately this manifests as a basin-
ward shift in deposition, magnifying the effects of progradation (Figures 3.14, 3.15C, 3.15F and
3.16; Kneller and McCaffrey 1999; Machado et al. 2004; Scott et al. 2010; Talling et al. 2012; Patacci
et al. 2014; Oluboyo et al. 2016; Howlett et al. 2020). Funnelling of axial gravity flows, and there-
fore bed amalgamation, is interpreted to be more enhanced where two salt structures are present,
resulting in thicker, but areally smaller, depositional architectures compared to unconfined settings
(Figure 3.16; Kneller and McCaffrey 1999; Patacci et al. 2014; Soutter et al. 2021). This observation
substantiates the dominant stacking pattern being compensational stacking in unconfined settings
and progradational or aggradational stacking in confined settings (Straub et al. 2009; Prélat et al.
2009; 2010; Prélat and Hodgson 2013; Sztand et al. 2013; Grandvag et al. 2014; Sahoo et al. 2020;
Liu et al. 2020).

The presence of MTDs is somewhat overlooked in both the confinement model proposed by
Oluboyo et al. (2014), and the earlier “fill-and-spill” model (Winker 1996; Prather et al. 1998; Sin-
clair and Tomasso 2002). MTDs sourced from either up-dip (i.e., extrabasinal; detached) or from
local mass failures (i.e., intrabasinal; attached) related to growing salt structures, can generate ad-
ditional syn-depositional relief and flow confinement (Figure 3.15; Moscardelli and Wood 2008;
Nascimento et al. 2020; Rodriguez et al. 2020). Regionally-derived MTDs in salt-controlled basins
commonly consist of debrites associated with rafted blocks and are usually associated with long
run-out distances (Gamboa et al. 2011; Jackson 2012; Omosanya and Alves 2013; Ward et al. 2018;
Soutter et al. 2018; Doughty-Jones et al. 2019). Locally-derived MTDs have better preserved in-
ternal architectures, including slide deposits, folded strata, normal faults in their headwall and im-
bricate thrusts in their toe (Madof et al. 2009; Gamboa and Alves 2016; Doughty-Jones et al. 2019),
consistent with their run out distances (Poprawski et al. 2021).

The presence of complicated variations in thickness, clast type, and debrite style across the study
area suggests that mass flows are likely to be both locally-derived (from the salt structures) and
regionally-derived (from the shelf), and therefore debrites were likely both allogenic and haloki-
netic in origin (Moscardelli and Wood 2008; Doughty-Jones et al. 2019; Wu et al. 2020). The prox-
imity to salt structures, and the reduction in mass-failure deposits away from salt structures, com-
bined with the nature of remobilised intrabasinal clasts within them suggests that the majority of
debrites in the study area are locally derived from the Bakio diapir (Figure 6.2). Based on measure-
ments of slump fold axes, run out distance (100 to 2000m), proximity to structures, along with
facies analysis, preservation of strata, and studying reworked facies, Poprawski et al. (2021) sug-
gests that majority of MTDs in the Bakio study area are locally-sourced from the Bakio salt wall,
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or the footwalls of the nearby Armintza and Bermeo sub-salt extensional faults. Only MTD 5
(BWB in Chapter 3) from their study, is interpreted to have a regional signature because of the
wider variety of clast compositions and debritic character observed, consistent with the regional
source from the Landes Massif (Figure 3.10; Chapter 3; Figure 6.2).

Regardless of emplacement mechanism, debrites formed additional rugose seafloor topography in
the field study area, confining subsequent gravity flows and further localising deposition (Cronin
et al. 1998; Armitage et al. 2009; Madof et al. 2009; Kneller et al. 2016; Cumberpatch et al. 2021a).
Halokinetically-derived debrites are likely to increase the area deformed by topography surround-
ing salt structures and therefore subsequent flows would be expected to be deposited further from
the diapir, in response to topographic influence (Doughty-Jones et al. 2019; Figure 6.2).
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Figure 6.2: Conceptnal model for locally-derived MTDs in salt-controlled basin (Poprawski et al. 2021). A) Locally-derived
siliciclastic MTD in a deep-water environment with limited interaction with coarse-grained facies (mud-rich MTDs; lower Black
Flysch Group). B) Locally-derived siliciclastic M'TD in deep-water environment with coeval interaction of coarse-grained facies (sand-
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Subsurface observations from the ECG study area confirm the presence of the NW-SE trending
channelised submarine lobe complex, recognised by previous workers (Figure 5.7; Den Hartog
Jager et al. 1993; Jennette et al. 2000; Kilhams et al. 2012; 2014; 2015; Eldrett et al. 2015). This
axial deep-water system, regionally known as the ‘Forties fan’, is coeval with cross-cutting, trans-
verse ‘side lobes’ and diapirically-derived, attached (local) MTDs (Figure 5.7B; Hempton et al.
2005; Moscardelli and Wood 2008; Eldrett et al. 2015; Doughty-Jones et al. 2019; Wu et al. 2020).
The areal extent of the subsurface study area is substantial enough to observe an along-axis de-
crease in high-density and medium-density turbidites, and an increase in low-density turbidites
distally, providing greater resolution of the source to sink coverage than is possible in the outcrop-
ping analogue. Due to the regionally extensive data set and understanding, it is possible to get
better control on the local-versus regional nature of MTDs, compared to the field example. Similar
to the stratigraphy around Bakio, there is evidence for both regionally- and locally-sourced MTDs
(Figure 6.3). In the subsurface study area, the MTDs adjacent to Machar and Pierce diapirs are
likely to be halokinetically-derived rather than regionally-derived due to their attachment, radial
nature, thinning away from, and proximity to salt diapirs (Moscardelli and Wood 2008; Doughty-
Jones et al. 2019). This ‘local’ origin of the MTDs is supported by remobilised clasts and thin beds
observed in cored wells on diapir flanks (Kilhams et al. 2015; Doughty-Jones et al. 2019; Cumber-
patch et al. 2021c). These observations of local, diapirically-derived failures within ~2 km of diapirs
is consistent with global observations of structural deformation (Alsopp et al. 1995; 2000), haloki-
netic sequences (Giles and Rowan 2012) and sedimentary facies (Doughty-Jones et al. 2019; Ro-
driguez et al. 2020; Wu et al. 2020; Poprawski et al. 2021). Where MTDs are located over 5 km
from diapirs, they do not appear to show attachment to the diapirs, contain seismically-resolvable
clasts, and do not vary significantly in thickness laterally and can often be linked to regional up-
dip shelf failures (Figure 6.3; Johnson 1987; Moscardelli and Wood 2008; Soutter et al. 2018;
Doughty-Jones et al. 2019; Cox et al. 2020).
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Figure 6.3: Spectral decomposition of a horizon slice within the Halibut Siide (Manreen Formation, Paleocene, UK North Sea)
showing speckled internal seismic facies. The Halibut slide is a 290 km long MTD formed by plume-related instability on the up-
dip Cretaceons chalk slopes (Soutter et al. 2018). Diapirically-derived local MTDs are present around diapirs (yellow) showing
different characteristics and length scales to the regional MTD. Diapirs are labelled in white: Mu; Mungo, Mo; Monan, Mi; Mirren,
Me; Merganser, Lo; Lomond, Ma; Machar, NP; North Pierce, SP; South Pierce.
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Facies and architecture variability under different amounts and types of confinement
Field (Chapter 3), subsurface and numerical modelling (Chapter 5), and physical modelling (Ap-
pendix D; Soutter et al. 2021) results provide insight into how facies and architectures vary around
different amounts and types of salt confinement, from bed-scale to mega-sequence scale.

Facies distributions on either side of the Bakio diapir varied during Black Flysch Group times
according to the degree of confinement and distance from the diapirs crest (Figures 3.13 and 3.14).
In the Bakio Breccia Formation, clast- and matrix-supported breccias are common in the Sollube
and Jata basins, respectively (Poprawski et al. 2016), suggesting long-lived minibasin individualisa-
tion. The lack of confining topography to the west of the Jata basin may have caused flows to
dilute, resulting in muddier, more-matrix-rich breccias (e.g., Hampton 1972; Sohn et al. 2002; Baas
et al. 2009).

Another key difference is the architecture and facies of thick-bedded sandstones. In the Jata basin
(one lateral confining topography) individual depositional elements are often erosionally based,
concave-upwards, and thinner, and show more tractional structures (e.g., ripple lamination and
planar lamination) than those in the Sollube (dual lateral confinement) basin. Where lateral con-
finement occurs along one margin, sandstones could represent sinuous low-relief channel fills that
ran subparallel to topography (e.g., Mayall et al. 2010; Oluboyo et al. 2014). These channels were
able to spread laterally and migrate because they were only partially confined (e.g., Mayall et al.
2010; Oluboyo et al. 2014). Such systems are less modulated by halokinetic controls than those
that develop under dual-lateral confinement (e.g., Oluboyo et al. 2014; Rodriguez et al. 2020).
Between the two diapirs deposits are amalgamated and stacked, perhaps more analogous to fluvial
braided systems (Figure 3.13F; Nascimento et al. 2020).

Field results allow the comparison of individual and dual lateral confinement, but represent a spe-
cific angle of sediment input to structural strike, and therefore prevent discussion of how type, or
otientation, of topography influences deep-water depositional systems. Results of physical model-
ling of turbidity currents interacting with topographic barriers at incidence angles of 0, 45, and 90°
were created in a study supplemental to this work (Soutter et al. 2021; Appendix D). These physical
experiments aimed to study the effect topographic orientation has on natural turbidity currents
and their deposits (Figure 6.4). The results of these experiments were used to better understand
how topography influenced depositional systems at the scale of an individual sediment gravity
flow. These models show how bed-scale depositional architecture varies with orientation and type
of confinement (Figure 6.4). Unconfined turbidity currents are able to spread radially over the
basin-floor, forming a lobate deposit that thickens, then thins distally. Laterally confined turbidity
currents are prevented from spreading on one side, forming an asymmetric deposit. Down-dip
thinning rates are also reduced in a laterally confined setting, allowing flows to deposit farther into
the basin. These flows are associated with a 20% increase in velocity adjacent to topography com-
pared to unconfined equivalents. Oblique confinement resulted in an upstream deflected deposit
and a downstream deposit, which has implications for deposit correlation in deep-water outcrop
and subsurface datasets. Frontal confinement caused lateral spreading, with inferred trapping of
coarse grains higher on the slope, compared to unconfined deposits (Soutter et al. 2021). Flow
stratification is also shown to be important for confinement, with the higher-concentration base
of turbulent flows more affected by the topography than the lower-concentration upper parts of
flows, resulting in both highly confined and weakly confined deposits being produced by one in-
dividual flow (Figure 6.11).
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Figure 6.4: Two-dimensional difference maps for the flume tank experiments discussed in Soutter et al. 2021 (Appendixc D). The maps are made by subtracting the laser scan derived elevation of the
pre-excperiment tank surface from the post-experiment tank surface. Above — uninterpreted difference maps, white circle indicates the thickest part of the deposit. Sediment input point, topography and tank
backflow (reflection off the back of the tank) bighlighted. Below — maps interpreted with deep-water depositional elements and overarching fan geometries, highlighting asymmetry. A) Unconfined; B)
laterally confined; C) obliquely confined, and D) frontally confined. Erosion is shown in blue and deposition in orange-red.
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Oluboyo et al. (2014) suggest that a fundamental halokinetic control on the type of confinement
developed is the incidence angle between the strike of the salt structure and the palacoflow direc-
tion. “Fill-and-spill” stratigraphic evolution is observed in deep-water environments where topo-
graphic highs strike perpendicular to the gravity-flow direction (i.e., at a high incidence angle; e.g.,
Piper and Normark 1983; Hay 2012; Prather et al. 2012; Soutter et al. 2019). Bakio (Chapter 3)
documents a rare example of an exhumed halokinetically-influenced deep-water succession where
palacoflow is at a low incidence angle to structural strike (i.e., oblique-parallel). In such scenarios,
spill between basins is rare, and sedimentary systems are deflected to run broadly parallel to salt
walls in minibasins for several kilometres (Figures 3.14, 3.15 and 3.16; e.g., Oluboyo et al. 2014).

A simple thought experiment, based on field observations and flume tank experiments (Chapter
3, Appendix D) showed the range of possible stacking patterns which may form during prograda-
tion of a deep-water system in an unconfined, partially confined and dual-confined setting (Figure
3.16). Unconfined fans have a higher aspect ratio, surface area, and avulsion angle than confined
systems as the ability of the flows to spread radially was not restricted by topography (Prélat et al.
2009; Spychala et al. 2017). Where only one lateral confinement is present, deposits may be asym-
metrical, as flows are confined by diapir topography in one direction but are able to spread radially
away from it, as is seen in the deposits of the Jata basin, and the laterally confined flume tank
experiment (Figures 3.10 and 6.4; Soutter et al. 2021). In settings with lateral confinement, deep-
water systems are elongated axially, subparallel with bounding relief (Figures 3.14; 3.15, 3.16, and
6.4; Oluboyo et al. 2014; Soutter et al. 2021), with flows being suggested to be fed between two
salt structures resulting in areally smaller depositional architectures, but thicker deposits, than un-
confined settings (Soutter et al. 2021).

Analysis of the subsurface combined with numerical modelling (Chapter 5) shows that strati-
graphic architecture is influenced by the spacing of confining topography (i.e., diapir spacing; Fig-
ures 5.8, 5.9, 5.10). The study demonstrates that where the zones of halokinetically-influenced
stratigraphy are associated with two closely spaced (<1500 m) diapirs interact and a zone of intense
modulation with highly-deformed strata is created (Figure 5.10). In this zone the highest amount
of bed rotation, stratal terminations and thickness variability are seen. By comparison when diapirs
are widely-spaced (>4500 m) a central broad plateau appears to develop between the diapirs in
models which experience very limited deformation (Figure 5.10). This ‘minimal’ or ‘non’ defor-
mation zone is represented by extensive, flat depositional lows (with consistent thicknesses and
bedding orientations) between diapirs in subsurface examples (Figure 5.8; Harding and Huuse
2015; Jackson and Hudec 2017; Pichel et al. 2017; 2019; Grant et al. 2019 a;b; 2020). In diapirs
which are intermediately spaced (1500 — 4500 m) a central modulation zone between the two dia-
pirs is predicted, but deformation appears to decrease from the diapirs towards the centre of the
modulation zone, suggesting there may be a small zone of ‘non-deformation’ which is difficult to
decipher (Figure 5.10). In similarity to subsurface and model observations, fieldwork observations
show that the ~8000 m zone between the Bakio and Guernica diapirs (widely spaced diapirs)
shows minimal modulation in the central zone between the diapirs (at Cabo Matxitaxako). In the
field example the deformation is condensed to ~1000 m zones flanking either salt structure, in
similarity to halokinetic sequence models (Giles and Rowan 2012).

Ultimately, it is unlikely that stratigraphy in these ‘non-deformation’ zones will be completely free
from any deformation due to the nature and complexity of salt basins. Minor modulation of stra-
tigraphy is likely to exist across salt-influenced basins regardless of the distance from active, pen-
etrative salt structures due to the presence of subtle structurally- and stratigraphically-controlled
confining topography (Penge et al. 1993; Erratt et al. 1999; Birch and Haynes 2003; Borsa et al.
2008; Charles and Ryzhikov 2015; Hale et al. 2020; Howlett et al. 2020).
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Characterising controls on distributions of facies and architectures

Regional subsurface analysis (Chapter 5) explores controls on facies and architectures. The most
fundamental control on facies distribution in the ECG is the horst and graben morphology which
controls the distributions of depositional sinks (2™ order static topography; Penge et al. 1993;
Erratt et al. 1999; Bouroullec et al. 2018; Phillips et al. 2019; Tilhams et al. 2021). On the scale of
the entire graben the diapirs have only a subtle influence on the overall depositional system. Nev-
ertheless, on a local scale, within 3 kilometres radially of the diapirs, the effects of the diapirs (3™
order active topography) are substantial, acting to influence depositional processes, stratigraphic
thickness, architecture, facies variability, distribution and transitions, diagenesis and subsequent
fluid flow and migration (Davison et al. 2000; Hempton et al. 2005; Eldrett et al. 2015; Kilhams et
al. 2015). Other subsurface features, such as saddle zones between diapirs, irregular base and top
salt, and smaller diapirs where growth has ceased (3"-4" order static or active topography; Figure
5.8; Hodgson et al. 1992; Poliakov and Podladchikov 1992; Penge et al. 1993; Erratt et al. 1999;
Borsa et al. 2008; Oluboyo et al. 2014; Chatles and Ryzhikov 2015; Hale et al. 2020; Howlett et al.
2020) act as additional topographic features, having localised control on depositional facies and
architecture, but their effects are unlikely to be felt a few kilometres away (e.g. halokinetic rather
than allocyclic). While halokinetic controls act to modify stratigraphy local to diapirs, overall dep-
osition might also be influenced by the allogenic and autogenic controls related to depositional
systems themselves (Ferguson et al. 2020). The extent and facies deposited within the axial Paleo-
cene deep-water systems (i.e., the Forties Fan) is controlled by sediment supply and accommoda-
tion availability (Den Hartog Jager et al. 1993; Evans et al. 2003). Source area geomorphology,
controlled by steep basin margins, combined with high sedimentation rates, ultimately influence
the size, geometry and distribution of deep marine systems in the study area (Den Hartog Jager et
al. 1993; Charles and Ryzhikov 2015).

The multi-disciplinary study has shown the importance of understanding the interplay between
halokinetic (salt layer variations, diapir rise rate, salt withdrawal, salt related faulting, MTD distri-
bution) controls that typically influence depositional systems and stratigraphy within >5 km of the
salt, and allocyclic (tectonics, sedimentation rate, hinterland dynamics) controls, which are further
extensive regionally, when disentangling salt basin evolution controls. Fundamentally halokinetic
sequence architecture is controlled by the dynamic ratio between sedimentation rate and diapir rise
rate (e.g., Giles and Rowan 2012; Pichel and Jackson 2020), such that an apparent increase in
sedimentation (reducing halokinetic influence upwards) could represent a slowing of diapir growth
due to regional tectonic quiescence or depletion of the salt source layer.

6.2 How does this modulation of stratigraphic architectures vary laterally and
temporally?

Summary

The different techniques used in this study all show that halokinetic modulation (the alteration of
stratigraphy by salt growth) reduces stratigraphically and laterally away from the salt structure, in
agreement with outcrop and subsurface analogues globally (Pratson and Ryan 1994; Giles and
Lawton 2002; Mayall et al. 2010; Giles and Rowan 2012; Kernen et al. 2012; 2018; Banham and
Mountney 2013a; 2013b; 2014; Oluboyo et al. 2014; Poprawski et al. 2014; 2016; Ribes et al. 2015;
Doughty-Jones et al. 2017; Wu et al. 2020; Rodriguez et al. 2020). A summary of the findings from
the studies presented in this thesis are given below.

In numerical models (Chapter 4), thinning rates decrease through time (up stratigraphy), and re-
flects a reduction of halokinetic modulation with increased sediment thickness as halokinetic ba-
thymetry is ‘healed’. This is true for all models except for the decreasing sedimentation rate (MO6)
model, which demonstrates a slight increase up stratigraphy. Thinning rates, and deformation in-
crease towards the diapir (laterally) in all models. Bedding orientations are variable around the
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diapir, but decrease (flatten) upwards in models. Thinning rates are shown to be up to six times
greater in the 350 m immediately adjacent to the diapir compared to 1500 m away, and thus de-
formation style is highly variable. Stratigraphy is undeformed outside of the zone of halokinetic
influence (~1150 m either side of the diapir), in all models, suggesting that the extent of the halo-
kinetic zone of influence is not controlled by sedimentation rate.

In the subsurface study (Chapter 5) stratigraphic thickness variations and rotation of beds decrease
laterally away from individual diapirs (Figure 5.8) in agreement numerical models (Chapter 4; Cum-
berpatch et al. 2021c;d) and with current understanding (Alsop et al. 1995; 2000; Giles and Rowan
2012; Doughty-Jones et al. 2017; Rowan and Giles 2021). Between closely spaced diapirs (<1.5
km) the halokinetic influence of one diapir is laterally connected to the halokinetic influence of the
other diapir, such that the zone between the diapirs is influenced by both diapirs. When diapirs are
>5 km apart, there is often a zone of consistent stratigraphic thickness and orientation between
the diapirs where minimal modulation occurs (Figure 5.8). Between these wider spaced diapirs
stratigraphy does not respond to the effects of the diapirs due to distance and this stratigraphy
may be difficult to decipher from stratigraphy outside salt provinces. Modelled results indicate that
modulation is more intense where diapirs are closer together (<1.5km), and suggest that once
diapirs are spaced more widely than 3000 m away from each other an area of non-deformation
between them is predicted. Subsurface diapirs which are spaced at ~4-5 km have <1 km of this
‘minimally deformed’ zone between them. Examples of diapirs that are further away from each
other (>5 km) show a broad, central zone which appears to be undeformed, or experiences mini-
mal deformation, between the diapirs, owing to the larger distance from the salt structures (Alsop
et al. 2000; Oluboyo et al. 2014; Doughty-Jones et al. 2017).

The halokinetic influence on stratigraphy reduces upwards in combined DEM-subsurface obser-
vations, reflected by less thickness variability, fewer pinch outs and less rotation of beds in younger
compared to older stratigraphy (Figures 5.8 and 5.9). Several diapirs have long-lived influences on
stratigraphy, causing thickness variations and termination of the youngest stratigraphy, resulting in
topography only being healed at the seabed (Pratson and Ryan 1994; Prather et al. 1998; 2012).

In the Basque-Cantabrian Basin (Chapter 3), deformation and bedding orientation decrease later-
ally away from the Bakio diapir on the western flank, in agreement with halokinetic sequence mod-
els of deformation (Giles and Lawton 2002; Rowan et al. 2003; Giles and Rowan 2012). Between
the Bakio and Guernica diapirs, deformation decreases towards the axis of the Sollube basin (i.e.,
reduction of MTDs, reduction in bed thinning). The axis of the Sollube basin is comparable on
scale and sediment routing capabilities to the ‘minimal deformation’ zones described in Chapter 5.
Halokinetic modulation is shown to reduce stratigraphically upwards; with the lower Black Flysch
Group containing a much higher number of debrites controlled by actively growing topography,
than the latter upper Black Flysch Group. It can be inferred that following the cessation of diapir
growth, an underfilled synclinal basin remained due to remnant topography of the buried Bakio
and Guernica structures, which appears to have constrained upper Black Flysch Group deposition
until it was filled (Figures 3.3, 3.13G and 3.14). The lower Black Flysch Group represents early-
stage “active” deposition, perhaps comparable to syn-kinematic megasequences observed in the
subsurface, whereas the upper Black Flysch Group represents late-stage “passive” deposition, in-
filling antecedent topography, comparable to post-kinematic megasequences observed in the sub-
surface (e.g., Pratson and Ryan 1994; Warren 1999; 2006; Jackson and Hudec 2017) and models
(Chapter 4; Cumberpatch et al. 2021c¢;d). This reduction in halokinetic influence upwards results
in the minibasin becoming less confined upwards, due to healing of the salt topography (Marini et
al. 2015). This reduction of halokinetic influence through time (transition from “active” to “pas-
sive” deposition) supports the idea that sediment accumulation rate outpaced diapir growth rate,
due to a combination of increased sediment supply associated with the uplift and erosion of the
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Landes Massif (Martin- Chivelet et al. 2002; Puelles et al. 2014) and partial or complete welding of
salt bodies (Jackson and Hudec 2017).

Sedimentation rate versus diapir rise rate through time

In all data sets used in this study, an upwards increase in relative sedimentation rate associated with
a decrease in halokinetic influence is observed (Figure 6.5). For ease of comparison, each example
is divided into 3 phases in Figure 6.5. In the field (Chapter 3), the Aptian-Albian is initially isolated,
representing slow sedimentation rates relative to diapir growth (grey on Figure 6.5). Observations
are similar to the slow sedimentation model (Chapter 4), where sediment is isolated to individual
depocentres due to relatively rapid diapir growth (blue on Figure 6.5). In the subsurface example
(Chapter 5) stratigraphy within phase 1 are not laterally extensive and reflect relative sedimentation
rates lower than diapir rise rates (green on Figure 6.5). This is supported by steeply upturned
Paleocene stratigraphy adjacent to diapirs reflecting rapid diapir rise rates.

Under relative increasing sedimentation rates the Albian-Cenomanian (phase 2) is laterally exten-
sive across both sides of the diapir, at Bakio, reflecting the intermediate sedimentation model. At
Bakio, the increase in sedimentation is driven by a regional progradation related to the uplift, and
erosion of a northerly source area (Martin-Chivelet et al. 2002; Puelles et al. 2014), coupled with a
reduction in salt rise rate (Poprawski et al. 2014; 2016; Roca et al. 2021). Facies analysis reveals a
reduction of MTDs upwards, associated with a reduction of halokinetic influence. MTDs cannot
be resolved in numerical models, however, a reduction in stratigraphic dip upwards is observed in
all models (Figure 6.5) providing evidence for decreasing instability and salt influence waning. In
the subsurface example thinning rates decrease upwards (phase 2) and diapir rise rate slows in
phase 3 due to regional tectonic quiescence or depletion of the salt source layer. This causes a
reduction of halokinetic modulation on the latest stratigraphy as the halokinetic bathymetry is
gradually buried. In the ECG, during the Eocene, sediment supply rates and diapir rise rates were
equally paced (Figure 6.5; Carruthers et al. 2013), reflecting an increase in diapir rise rate, which is
attributed to Cenozoic compressional forces driving diapir growth (Figure 6.5; Birch and Haynes
2003; Scott et al. 2010; Carruthers et al. 2013).

Deposition of the upper Black Flysch Group (phase 3) across the diapir under relatively high sed-
imentation conditions is consistent with ‘fast sedimentation’ in models. The upper Black Flysch
group heals remnant topography and shows almost no halokinetic influence, except for its depo-
sitional location within remnant diapiric topography. The relative increase in sedimentation rate at
Bakio is driven primarily by an increase in sediment supply due to the uplifting source area, how-
ever, a coeval reduction of salt supply due to welding between the Bakio and Guernica diapirs
cannot be ruled out (Poprawski et al. 2014; 2016; Cumberpatch et al. 2021b; Roca et al. 2021).

The ‘slow’, ‘intermediate’ and ‘fast’ numerical models (Chapter 4) are absolute sedimentation rates,
as the diapir rise rate remains fixed (Figure 6.5). The patterns and geometries of these models
therefore represent one part of system evolution, which is by nature dynamic and changing. In-
creasing and decreasing sedimentation rate models are more likely to reflect changing relative sed-
imentation rates in nature, because in natural examples, diapir rise rate also varies through time. A
relative decrease in sedimentation rate (upwards), could be caused by subsequent phases of tec-
tonism reactivating diapir growth, as is observed in the Cenozoic in the ECG (Birch and Haynes
2003; Scott et al. 2010; Carruthers et al. 2013). The increasing sedimentation model is consistent
across the entirety of the field and subsurface examples, representing a relative increase in sedi-
mentation rate temporarily (upwards), usually linked to a reduction in salt supply due to welding

or an increase in absolute sedimentation rate, in agreement with global observations (Pratson and
Ryan 1994; Giles and Lawton 2002; Mayall et al. 2010; Giles and Rowan 2012; Kernen et al. 2012;
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2018; Banham and Mountney 2013a; 2013b; 2014; Oluboyo et al. 2014; Poprawski et al. 2014,
2016; Ribes et al. 2015; Doughty-Jones et al. 2017; Wu et al. 2020; Rodriguez et al. 2020).
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Figure 6.5: Schematic charts plotting sedimentation rate and diapir rise rate evolution through time, across the different methods
used in onr study (above: models and below: field and subsurface examples). Time is split into 3 phases, which are of different lengths
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Jor each method, and are indicated in different colours (see key). Sedimentation rate is solid line and diapir rise rate is dashed. For
models, diapir rise rate is consistent throughout, and sedimentation rates are shown and labelled.

6.3 Criteria for the recognition of halokinetically-influenced deep-water systems

Summary

Chapters 3-5 have provided criteria for recognition of halokinetically-influenced stratigraphy in
outcrop (Chapter 3), DEM (Chapter 4) and subsurface data (Chapter 5), respectively. On a bed
scale, similar sedimentary structures and stacking patterns are observed in field data (Chapter 3),
core data (Chapter 5) and flume tank experiments (Appendix D). On a larger architectural scale,
similar thinning rates, geometries and deformation zone extents are observed in numerical models
(Chapter 4) and subsurface data (Chapter 5).

Before this study, most understandings of halokinetically-influenced deep-water systems came
from subsurface datasets (e.g., Booth et al. 2003; Madof et al. 2009; Carruthers et al. 2013;
Doughty-Jones et al. 2017; 2019). Features that are common across several depositional settings
where halokinetic movements are observed include multi-scalar thinning and onlap, growth fault-
ing, pebble conglomerates, mixed siliciclastic—carbonate lithologies, MTDs, variable paleocurrents,
angular unconformities, and abrupt facies variability (Dalgarno and Johnson 1968; Dyson 1999;
Kernen et al. 2012, 2020; Carruthers et al. 2013; Counts and Amos 2016; Counts et al. 2019).

Criteria for recognition of halokinetically-influenced deep-water systems across multiple scales and
data types include short length scale architectures with high variability (e.g., lobate geometries that
pinch out, stratigraphy that thins towards a diapir). For this reason, it can be difficult to trace
individual depositional elements for several kilometres, and difficult to correlate them across dia-
pirs due to the individualisation of sediment routing. Rapid pinch out and rotation of beds is ob-
served in proximity to diapirs in outcrop, models and subsurface data (Chapters 3-5), showing
substantial halokinetic modulation relative to nearby undeformed zones. Mass failure deposits that
are sourced from, and thus radiate around and thin away from diapirs, are observed in outcrop
and subsurface data sets, providing evidence for an unstable seabed during diapir growth. There-
fore, stratigraphic profiles where the overall depositional (allocyclic) stacking is interspersed with
MTDs (especially those that contain remobilised thin beds) are strongly indicative of a salt influ-
ence. Failures in the early diapiric sequence in models could also represent similar MTDs. The
presence of a preserved salt structure (in subsurface data and models) is obviously a strong indi-
cator of a halokinetically-influenced environment, but where this is missing or partially missing
due to dissolution or welding, it may still be possible to infer its existence based on geomorpho-
logical lows, (e.g., the Guernica salt structure, Chapter 3), or stratigraphic architecture analysis.
Typically, allocyclicity (external controls such as sea level and sediment supply) has a strong control
on the depositional system, and therefore lobes and channels are likely to be recognised via pre-
existing methodologies (e.g., Prélat et al. 2009; Spychala et al. 2017; Ferguson et al. 2020).
Halokinesis acts to modify these depositional elements, and is the primary control over diapirically-
derived mass failure deposits (e.g., Doughty-Jones et al. 2019; Wu et al. 2020), which may be sub-
sequently re-worked, or cause the re-routing of future depositional systems.

Identification criteria for salt-influenced stratigraphy in one dimensional data

Multiple directions of ripple lamination, injectites, fluidisation structures, presence of hybrid beds
(Figures 6.1 and 0.6), range of MTD types, and abrupt juxtaposition of deep-water depositional
facies and MTDs can be used to identify halokinetically-influenced deep-water systems in core and
outcrop. These sedimentary structures and bed types give indications of the presence of topogra-
phy, in agreement with field observations from salt-influenced stratigraphy in outcrop (Ribes et al.
2015; Counts et al. 2019; Cumberpatch et al. 2021b). Injectites (Figure 6.6 A,B) have been recog-
nised in halokinetically-influenced deep-water provinces globally due to over-pressured sandstones
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(Svendsen et al. 2010; Monnier et al. 2014; Cobain et al. 2017). Hybrid beds seen throughout the
distal parts of a depositional fan (Figure 6.6 C,D) indicate that topography influenced the trans-
formation from turbulent to laminar flow (Barker et al. 2008; Spychala et al. 2017b; Soutter et al.
2019). Ripple laminations in opposing directions are common in confined settings (Figure 6.6 E,F)
and have been attributed to flow reflection or deflection from seafloor topography (e.g., Kneller
et al. 1991; McCaffrey and Kneller 2001; Barr et al. 2004; Hodgson and Haughton 2004). Soft
sediment deformation structures (Figure 6.6 G,H) provide evidence for a fluidised, mobile, sub-
strate during deposition possibly due to growing topography (Aschoff and Giles 2005; Fossen
2010; Shanmugam 2017). Individually these criteria are not diagnostic of salt-influenced environ-
ments, however, when combined with seismic observations of salt structures and bedding orien-
tation and dip variability, along with regional understanding, they can be used to confirm the pres-
ence of local topography, and the influence it has on depositional facies (Pratson and Ryan 1994;
Mayall et al. 2010; Oluboyo et al. 2014; Doughty-Jones et al. 2017; Wu et al. 2020; Rodriguez et al.
2020; Cumberpatch et al. 2021b). Physical models (flume tank experiments) show ripples with
opposing palacocurrent directions around topography and the vertical juxtaposition of lower den-
sity flow deposits above those of higher density flows adjacent to topography, suggesting velocity
segregation and flow transformation due to topography (Soutter et al. 2021; Appendix D). These
observations show, that even on the scale of an individual bed, topography can have a significant
influence on deposition, in agreement with observations from multiple stacked beds (e.g., in core
and outcrop).
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Figure 6.6: Sedimentological evidence for topography during deposition of deep-water successions. Core photos from T6.A of the
Palaeocene Forties Menber, Sele Formation, from wells in the study area (Table 5.1). Outeropping equivalents are from the Albian-
Cenomanian Black Flysch Group around the Bakio Diapir, northern Spain (Chapter 3). Lens cap is 52 mm and pencil is 16 com.

Identification criteria for salt-influenced stratigraphy in two-dimensional data

In two-dimensional data (e.g., cross-sections from seismic data and numerical models, and
extensive outcrops) lateral variability (e.g., thinning, thickening and upturn) within stratigraphy
forms a key part of the recognition criteria (Figure 6.7). Stratigraphy which thin towards, and in
some cases eventually pinch out or abut against salt topography, suggest the presence of a mobile
topographic high during depsotion (Giles and Lawton 2002; Rowan et al. 2003; Giles and Rowan
2012; Rowan and Giles 2021). This thinning and eventual termination is often consistent with
depositonal flows loosing energy (reduction in velocity) as they run up topography, resulting in a
thicker deposit at the base of the salt, compared to the flank or crest (Kneller et al. 1991; McCaffrey
and Kneller 2001; Barr et al. 2004). Numerical modelling has shown that thinning rates can be up
to 0.13%/m between the salt flank and the salt crest (Table 4.2), and that these thinning rates are
commonly six times more extreme when compared to thinning rates from the undeformed section
to the salt flank. Therefore, lateral variability in thinning rates, and drastic thinning to termination
(pinch out) across two-dimensional data sets can be diagnostic of the presence of salt (Figure 6.7).
Pinch outs can be difficult to image in seismic data due to resolution and velocity issues, and
difficulty resolving salt versus stratigraphy at the salt-sediment interface (Jones and Davison 2014).
Stratigraphy can also be seen to thicken into, and sometimes be confined to, deposition lows cre-
ated by salt withdrawal, which are common at the base of salt topography (Figure 6.7). In numerical
models, stratigraphy thickens into salt withdrawal basins adjacent to salt structures by a maximum
of 13% (Figure 4.9). Observations of thick isolated sandstones in depositional lows adjacent to
topography are consistent across outcrop studies (Figure 3.8), numerical models (Figures 4.5, 4.6,
4.7,5.9, 5.10, and 5.11), subsurface data (Figures 5.8 and 5.10) and physical models (Figure 6.11),
as well as in previous work (Figure 6.7; Pratson and Ryan 1994; Mayall et al. 2010; Oluboyo et al.
2014; Doughty-Jones et al. 2017; Wu et al. 2020; Rodriguez et al. 2020).

Aside from thickness vatiations, other characteristics that can identify salt-influenced stratigraphy
include rotated, and often overturned, strata (Figure 6.7). Stratigraphy that abruptly steepen to-
wards salt structures (often rotating by 40-90° across ~1-2 km) are observed in outcrop (Figure
3.12), numerical models (Figures 4.5, 4.6, 4.7, 4.9 and 5.9) and subsurface data (Figures 5.8 and
5.10) and are consistent with near diapir deformation reported elsewhere (Alsopp et al. 2000; Giles
and Lawton 2002; Rowan et al. 2003; Giles and Rowan 2012; Jackson and Hudec 2017; Rowan
and Giles 2021). Another characteristic that can be recognised in seismic data, but is more difficult
to resolve in models are MTDs (Doughty-Jones et al. 2019; Wu et al. 2020), which typically appear
on seismic data to have a chaotic internal character. The presence of active salt influenced seafloor
topography can trigger MTDs due to the oversteepening and failure of salt-influenced seafloor
topography, and as such deposits often thin to a pinch out away from such areas (Figures 3.0, 3.8
and 6.7). In outcrop, MTDs have a variety of compositions (muddy debrites, limestone breccias,
slumps, slides etc.), which leads to their chaotic seismic character. Supra-salt faults and anticlinal
structures formed stratigraphically above salt structures provide further evidence of salt topogra-
phy (Figure 6.7). Therefore, the variability in stratigraphic thickness, bedding orientation, faulting
and MTD character is itself a key identification criterion for halokinetically-influenced deep-water
systems. Compared to depositional environments that are not influenced by topography, stratig-
raphy is highly modulated and deformed and facies are heterogeneous and spatially variable, in
salt-influenced settings (e.g., Banham and Mountney 2013a; b; 2014; Poprawski et al. 2014; 2016;
2021; Ribes et al. 2015; 2017; Counts and Amos 2016; Doughty-Jones et al. 2017; Counts et al.
2019; Wu et al. 2020).

255



Diapir growth is often not continuous through time, and phases of rapid growth and quiescence
cause destabilisation and remobilisation of the diapir roof, overburden and flank deposits (Figures
3.9, 3.10, 3.11 and 3.16). These salt-triggered, remobilised deposits (MTDs), that radiate outwards
from the underlying salt structure, can drive re-routing of subsequent systems to avoid the newly
created failure topography (Kane et al. 2012; Doughty-Jones et al. 2017; 2019; Figure 5.7; Chapter
5). At Bakio, stratigraphy commonly shows variable bedding orientations that radiate around salt
structures (Figure 3.12). Facies and thinning rates are often highly variable in three-dimensional
data and asymmetry cannot be assumed due to the high proportion of controls on depositional
sequences (Mayall et al. 2010; Oluboyo et al. 2014; Ribes et al. 2015; 2017).
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Figure 6.7: Some of the criteria used to identify halokinetically-infleucned stratigraphy in two dimensions, in this case in a tinme-
migrated seismic cross-section from the Pierce field (Figure 4.14) and a cross-section throngh DEM (M1, Fignre 5.9). Examples
of key features are highlighted by numbers 1-8, see figure for definition and text for description. Locations of transport deposits in
DEM are hypothetical.

Multi-scalar architectural analysis: the importance of field analogues

Depositional architetcures can be recognised in different data types and at different scales (Figure
6.8). In seismic reflection data it is often possible to resolve channels, lobes and mass transport
deposits at complex scale (sensu Prélat et al. 2009). Core and well data can be helpful in providing
fine reoslution details (e.g., bed to element scale), but only represent a one-dimensional profile.
Due to the inherent lateral variability in salt-influenced settings, outlined above, outcrop analogues
are often utilised when creating subsurface energy reservoir models. Properties which are below
the scale of seismic, but can be resolved in outcrop data (such as individual bed thinning rates,
lateral facies variability, extent of potential ‘theif’ sandstones and MTDs, and diagnostic
sedimentary structures) can enhance understanding of the processes, stratigraphy and uncertainties
associated with deep-water halokientically-influenced settings.

Due to interbedding of deep-water ‘axial’ stratigraphy with lateral MTDs, the overall depostional
signal can be altered on a bed to lobe scale (e.g., the progradational trend in the Black Flysch
Group (Chapter 3) is interspersed with mass failure deposits). This small-scale interbedding often
gets ‘upscaled out’ in seismic and well data, where an ‘average’ of the rock properties is displayed.
For example of 100 metre section of metre thick sandstones stacked with metre thick MTDs may
instead be resolved as a 100 metre section of muddy-sandstones, which has huge implications for
subsurface energy reservoir estimates. Identifying the bed-scale interactions, juxtaposition of facies
and possible end- members observed in outcrop data (e.g., mud-rich distal lobes and sand-rich
proximal lobes) can help to provide a better understanding of the depositional system when
interpretting subsurface data. While field analogues are unique, and not direct replications of any
specific subsurface setting, it is helpful to have a wide range of possible models (Figure 6.8).
Depositional elements are shown to be unique, and get increasingly complicated the more “zoomed
in’ observations are (e.g., from megasequence scale thickness variability down to variable clay
coating in grains).

The facies variations visible in outcrop emphasise that depositional elements are unlikely to be
thick, extensive ‘tanks’ of sandstone, and rather much more heterogeneous (Figure 6.8). An
appreciation of the variability observed in outcrop helps to understand, and guide rock physics
interpretations. Likewise, having an appreciation for the rock complexities (e.g., beds are very
steeply dipping, lots of breccia, lithological variations, salt overhangs) can help to understand the
imaging issues around salt diapirs, allowing some comprehension of what the salt-sediment
interface may look like, rather than simply concluding the data is poor quality.

The multi-dimensional, multi-technique approach used in this thesis shows that similar processes
are in operation at multiple scales. For example, one individual mass transport event may re-route
to avoid the previous one (5" order topography, compensational stacking). A subsequent lobe may
then migrate to avoid the resulting MTD topography (4™ order topography). Ultimately these
processes occur within a depositional complex that is being deflected, and re-routed to avoid a
salt-cored high (3* order topography). The observations of re-routing to avoid topography and
pinch out (Figure 6.11) means that we can often apply small scale learning to large scale problems,
and vice versa.
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Figure 6.8: Analysis of halokinetically-influenced deep-water depositional elements across different data sets. The key diagnostic
characteristics of lobes, channels and mass transport deposits in spectral decomposition, seismic and outcrop data from this study is
displayed. A variety of different outcrop photographs are shown to display the variability of each architectural element. Key observa-
tions across multiple scales and data types are highlighted.

Recognition of confined depositional hierarchies in the field

The widely accepted hierarchical scheme for classifying deep-water systems that was developed
from the analysis of Permian outcrops of the Karoo Basin, South Africa (Prélat et al. 2009) must
be used with caution, or be adapted for confined systems (Prélat et al. 2010; Etienne et al. 2012;
Marini et al. 2015). Prélat et al. (2010) recognised that width-to- thickness ratios and areal extent-
to-thickness ratios are different for confined and unconfined systems, with width-to-thickness ra-
tios of 100:1 measured in selected subsurface confined settings, compared to 1000:1 in unconfined
settings, and areal extent-to-maximum-thickness ratios 30 times greater in unconfined systems
compared to confined systems (Figure 6.9; Prélat et al. 2010). The width-to-thickness ratio of lobes
in the confined Sollube basin is c. 160:1 (taking a midpoint thickness of 53 m; Figure 6.9), in
agreement with confined examples reported by Prélat et al. (2010), from subsurface observations.
Lobe data collected in the field at Bakio plot in the confined lobes portion of all classification
charts used by Prélat et al. (2010) demonstrating the scaleability of lobe geometries between the
typical scales of outcrop and subsurface observations. The dimensions observed in the salt-influ-
enced minibasins in the outcropping study area are comparable to those of intraslope lobes com-
plexes documented in the Karoo Basin (6—10 km wide, 10—15 m thick; Spychala et al. 2015), which
are an order of magnitude smaller than their basin-floor counterparts (Prélat et al. 2009).

This multi-scalar study suggests that confined setting hierarchical elements have greater lengths
than widths (Figure 6.9A) and smaller areal extents compared with the roughly equant geometries
predicted in unconfined systems (Prélat et al. 2009), because radial spreading is limited due to
topographic confinement (e.g., Marini et al. 2015; Soutter et al. 2019; 2021; Figure 6.9B). Confined
deposits often have greater thicknesses due to axial routing of gravity flow deposits creating
stacked, amalgamated sandstones (Kneller and McCaffrey 1999; Scott et al. 2010; Talling et al.
2012; Patacci et al. 2014; Oluboyo et al. 2016; Howlett et al. 2020), and result in lobes with lower
width-to-thickness ratios than unconfined lobes (Figure 6.9C). These findings support recent work
(Oluboyo et al. 2014; Soutter et al. 2019; Rodriguez et al. 2020; Howlett et al. 2020) suggesting that
clongate systems are common adjacent to topography, on all scales. The difference between stratal
geometries in confined and unconfined lobes highlights the importance of adapting methodologies
and models developed for unconfined deep-water systems to be fit for purpose for deep-water
topographically confined settings (Prélat et al. 2009; 2010; Patacci et al. 2014; Oluboyo et al. 2014;
Spychala et al. 2015; 2017; Soutter et al. 2019).
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certain in the field area, due to lack of outcrop exctent and therefore the data on the charts for the Black Flysch Group represents end
member thicknesses, areas and lengths based on the extent of the Sollube basin, assuming lobes would fill it completely.

6.4 The importance of integrated workflows

Summary

Integrating a variety of datasets can help to improve understanding of complex multi-scalar, or
scale independent processes (Figures 6.10 and 6.11). The increasing availability of high-quality 3D
seismic data has formed the foundation for a large part of recent work on halokinetically-influ-
enced deep water systems (Mayall et al. 2000; 2010; Jones et al. 2012; Carruthers et al. 2013; Olu-
boyo et al. 2014; Charles and Ryzhikov 2015; Doughty-Jones et al. 2017; 2019; Coleman et al.
2018; Rodriguez et al. 2020; Howlett et al. 2020). Such seismic-based studies are helpful for deter-
mining bedding orientations, stacking patterns, deformation zone extents, stratal terminations,
thickening and thinning rates, and fault and fracture density, but are limited in terms of the small-
scale (sub-seismic) observations of depositional facies, topographic modulation of facies, mass
transport deposit character and sedimentary structures (Figure 6.10). Well data, in particular core,
provide the only true calibration points in the subsurface and can often be underutilised or over-
looked. Core provides important sedimentological data, such as information on lithology, sedi-
mentary structures, stacking patterns, MTD character etc., that ground-truth interpretations away
from the well using the variety of subsurface imaging techniques available. Core is, however, one-
dimensional, so does not allow for two-dimensional calculations such as thinning rates which are
important in understanding halokinetically influenced systems (Figure 6.10). Numerical models
provide observations on a similar scale to seismic reflection data, and as such are useful for stud-
ying fault and fracture distribution, stratal terminations, deformation zone extent, bedding orien-
tations and thickness changes (Figure 6.10). These models still leave gaps in knowledge with re-
spect to depositional facies and MTD distribution and character, which are beyond the scope of
the ‘mega-sequence’ scale models (Figure 6.10). DEMs are highly advantageous as a variety of
different parameters can be altered such that observations (stacking patterns, bedding orientation
etc.) can be made across a variety of different end members in a short amount of time (without
requiring numerous different, inherently more complex subsurface or outcrop analogues). In this
study numerical models were used to provide quantitative date (thinning rates etc.) that is difficult
to extract from incomplete, or complicated outcrop or subsurface data sets. Physical models pro-
vide information of small scale (bed-scale) sedimentary and stratigraphic processes, allowing for
the calculation of thinning rates (Figure 6.10). Whilst, these flume tank experiments do not provide
any larger scale observations such as fault and fracture density or active vs. remnant topography,
they do allow for variables to be altered and different end members to be generated (in the case of
Soutter et al. 2021; Appendix D, the orientation of topography relative to sediment input). Out-
crop data provides the broadest amount of information across a variety of scales (from sedimen-
tary structures to deformation zone extent; Figure 6.10), but these are often limited to a few data
points, with high uncertainties on exact sedimentation rates, diapir rise rates, source areas and
three-dimensional stratigraphic geometries.

The combined observations from multiple data sources such as the ones used in this study can
help to address some of the questions remaining about the nature of the salt-sediment interface.
For example, understanding MTD character, bedding orientations, facies distributions and thick-
ening and thinning rates can help to understand the longevity of halokinetic-influence on stratig-
raphy (Figure 6.10). Meanwhile, understanding facies distributions, fault and fracture density, de-
formation zone extent, stratal terminations and stacking patterns (which requires a multi-scalar,
multi-discipline approach) can aid prediction of the highest quality reservoir sandstones and strat-
igraphic-structural traps (Figure 6.10).

The integrated workflow used within this study has helped to increase understanding of how halo-
kinetically-influenced deep-water systems differ from their unconfined counterparts, and what

262



controls these differences. Figure 6.10 highlights the importance of a multi-scalar approach to
supplement knowledge gaps that exist when using only one data type or scale. Ultilising all available
data and employing multi-scalar workflows are always recommended when working in salt basins.
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Figure 6.10: Workflow diagram showing the different types of data in this study (coloured boxes) and how they can be used to
generate different observations (black boxes), which aim to address some of the key uncertainties (orange boxes) present in haloki-
netically-influenced deep-water environments. Addressing these uncertainties nltimately leads to a better understanding of deep-water
sediment routing aronnd salt topography (purple boxes). The list of observations and uncertainties in non-exhanstive, but highlights
the importance of using a multi-scalar approach to supplement knowledge gaps that exist when using only one data tpe.

Scale independent observations

Some observations are specific to a certain data type or scale, for example sedimentary structures
are often bed scale, while deformation zone extent is often ‘mega sequence’ scale. Other identifying
characteristics in deep-water halokinetically-influenced systems are scale independent, such as thin-
ning, and eventual termination of beds towards topography (Figure 6.11). At individual flow (bed)
scale, the high-density part of the flow is confined at the base of the topography, demonstrated in
the flume tank experiments by the concentration of higher-density garnet at the base of the flow.
The less-dense sand and silt parts of the flow run further up slope and onlap topography, and the
lowest-density plastic and clay grains bypass the topographic barrier and flow down-dip (Figure
6.11A, B). Similar observations were made in the Black Flysch Group where, at a lobe element
scale, high-density flow deposits were confined at the base of the topography, comprising thick,
stacked sandstones, while lower-density flow deposits ran up topography, comprising increasingly
muddier, thinner sandstones which onlap the slope due to a reduction in flow velocity (Figure
6.11C). At the lobe complex to mega sequence scale, seismic packages of Jurassic — Miocene stra-
tigraphy in the ECG, show upwards rotation, thinning and termination against the Pierce salt
structures (Figure 6.11D). The apparent termination of these stratigraphic reflectors helps to illu-
minate the top salt. The upwards rotation of beds is a product of rapid diapir rise rate (Giles and
Rowan 2012). On a similar scale to seismic datasets, DEM observations, show thinning towards
the topographic high of all layers, and eventual pinch out and onlap of the basal layers (grey-yellow
layers, Figure 6.11E). Thinning, pinch out and onlap towards depositional slope occurs across
multiple scales because low-density flows require less energy to overcome the increased gravita-
tional potential when being transported up topography, and topographic barriers can exist from
bed to megasequence scale (e.g., Ericson et al. 1952; Gorsline and Emery 1959; Al-Ja’aidi 2000;
Bakke et al. 2013). Thus, it’s clear that some halokinetically-influenced processes are scale inde-
pendent and also scalable. For example, one seismic reflector pinch out represents a series of bed
pinch outs which are difficult to resolve at the resolution of seismic data. Therefore, observations
of large-scale pinch-outs (e.g. in seismic data) represent many smaller scale (bed — lobe scale) pinch
outs. This shows that the primary observation of a large-scale pinch out represents numerous
internally complex smaller scale pinch outs. The observations of small-scale pinch-outs or core-
scale bed thinning for example, are likely to upscale, representing a larger more prominent strati-
graphic pinch out. Bed-scale data can provide details of grain size and type segregation across a
pinch out, whilst larger scale data (seismic data) can show length scale variabilities in rock and fluid
properties approaching a pinch out, often in three- or four- dimensions. Understanding of these
characteristics as multi-scalar is helpful in extracting learnings and knowledge from different scales
of data and applying a ‘zoom in zoom out’ approach to subsurface energy exploration and pro-
duction.
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Figure 6.11: Observations of onlap and pinch out across multiple scales and datasets, predominant direction of sediment flow is
highlighted. Arrows indicate onlap and dashed lines highlight specific bedding surfaces to trace thickness variations. A) Uninterpreted
and B) interpreted cross-section photographs from the upstream side of the frontally-confined flume tank experiment (Soutter et al.
2021; Appendix D). This section is taken ~20 cm off-axis. The image shows onlap of a red garnet-rich layer (higher density part
of the deposit), and later onlap of a more sand-silt rich dominated layer (lower density part of the deposit). C) Onlap and thinning
to pinch ont of sandstone in the Black Flysch Group at Cabo Matxixafko, higher density sandstones are confined to the base of slope
while muddier and thinner bedded units (lower density) run _further up topography. D) Halokinetic sequences adjacent to the South
Pierce diapir, showing steep onlap geometries approaching the diapir (specifically in the basal (Jurassic-Palaeocene) stratigraphy). E)
Exctract from the upper part (syn-kinematic stratigraphy) of the intermediate sedimentation model (M3) showing onlap getting
progressively closer to the crest of the diapiric overburden. Subsequent layers thin over the crest but do not pinch out or terminate.

Integration of numerical modelling data

Numerical modelling data is extremely beneficial at complementing existing datasets by providing
the ability to vary lots of parameters and therefore allow for testing of a variety of scenarios. For
example, thinning rates, deformation rates and fault density under different simulated conditions.
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DEM is not intended to substitute Finite Element Models, physical models or standard subsurface
workflows, but rather to complement these approaches in salt tectonics.

A key challenge for numerical models is ground-truthing against natural protypes (Oreskes et al.
1994; Burgess 2012). The integrated nature of this study has compared findings and predictions
from the DEM to outcropping and subsurface analogues to assess their applicability and limita-
tions (Chapter 4 and 5). Comparison of variable sedimentation models to Pierce Field diapirs in
the UK North Sea (Chapter 4) shows how different models can be applicable to different parts of
stratigraphy, a benefit of the ability to run multiple scenarios to best simulate natural complexity.
Model-derived thinning rates, onlap geometries and deformation zone extents, under different
sedimentation conditions, could be used to guide interpreters of likely sedimentation rates and
conditions present in subsurface examples from analysis of broad scale stratigraphic geometries.
Natural examples record the interplay between diapir rise rate and sedimentation rate, however,
the models used here are a simplification and only sedimentation rate was varied. Therefore, if
using numerical models to predict subsurface conditions, it is important to remember that natural
stratigraphic architectures represent relative, and not absolute, sedimentation rates.

Variably spaced diapirs imaged in the subsurface and modelled data (Chapter 5) are in agreement
about the extent of halokinetically-influenced zones between diapirs at different spacing (e.g., in-
tense modulation between closely-spaced diapirs, and a zone of non-deformation between more
widely-spaced diapirs). The ease of generating multiple models quickly enables comparison to a
wide variety of subsurface analogues, and allow the evaluation of governing processes. Models, do
however, simplify the subsurface expression of top salt topography, subsalt faulting, and other salt
related topography (i.e., short-lived salt diapirs). This shows, again, that ‘real examples’ are more
complicated than modelled results, but that models can provide useful and quick broad insight, as
well as confirming and supplementing subsurface observations.

Models are of similar resolution (e.g., depositional element complex — mega-sequence scale) to
seismic observations, so it is encouraging that similarities in thinning rates, diapir spacing, defor-
mation zone extents and stratigraphic geometries are consistent. Observations that are often sub-
seismic resolution, such as facies and MTD distribution, and lateral and temporal variability of
these properties, are therefore not possible to resolve in DEM. Integrating facies information from
outcrop analogues (Chapter 4) with geometries from DEM, can allow the prediction of sandstone
and MTD distribution and likely lateral variability. While such integrations are simplistic, they may
quickly highlight the likely presence or absence of key components of subsurface energy play con-
cepts.

Fundamentally, the similarity of observations across multiple data types provides increasing con-
fidence in validity of interpretations. Integrating DEM with subsurface and outcrop data helps to
reduce uncertainty in halokinetically-influenced deep-water systems, by allowing the quick and ef-
ficient ability to vary and isolate key parameters.

6.5 Comparison to other depositional settings

Subsurface halokinetically-influenced deep-water settings

Mayall et al. (2010) show that at a seismic-scale salt topography can confine, re-route or cause the
abutting of gravity flow deposits. Observations of sediment routing around the Bakio diapir have
established that at an outcrop scale these alterations to sediment pathways also exist, suggesting
they are scale-independent processes. Field observations of kilometre to tens of kilometre wide
salt-influenced basins, are consistent with minibasins of 10 — 100s kilometre, and diapir spacing as
narrow as 2 kilometres, observed in the subsurface (Mayall et al. 2006, 2010; Scott et al. 2010;
Carruthers et al. 2013; Oluboyo et al. 2014; Doughty-Jones et al. 2017; 2019; Howlett et al. 2020;
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Nascimento et al. 2020). Classic deep-water systems are predicted to become less confined down
dip (i.e., from channel confined to unconfined lobes; Prélat et al. 2009; Talling et al. 2009; Spychala
et al. 2017a). Nascimento et al. (2020) show that with increased salt topography down dip, deep-
water systems can actually, counter-intuitively become more confined down dip, for example
where channels and lobes are confined between salt walls.

Progressive onlap and thinning up-dip of the Paleocene Forties Sandstone member, towards the
crest of many ECG diapirs (Chapter 5) is similar to that observed in the Black Flysch Group
stratigraphy around Bakio (Chapter 3). This onlap pattern indicates that the topographic relief of
the diapirs had a significant control on sediment distribution across much of the ECG, UK North
Sea (e.g., Jennette et al. 2000; Kilhams et al. 2012; 2014; 2015; Hale et al. 2020). Anastomosing
channels are common between diapirs in the ECG showing that ‘funnelling’ of these systems,
predicted to be responsible for stacked thick sandstone deposits in the Sollube basin is possible
(Figure 5.7). MTDs, derived from diapirs are seen to further confine and influence subsequent
gravity flow deposits, across the ECG (Jenette et al. 2000; Birch and Haynes 2003; Scott et al. 2010;
Kilhams et al. 2012; 2014; 2015; Hale et al. 2020), in agreement with observations of outrunner
blocks derived from the diapir high influencing subsequent deposition in the Black Flysch Group
at Bakio (De Blasio et al. 20006; Soutter et al. 2018).

Deep-water unconformities in seismic data from the Gulf of Mexico (e.g., Rowan et al. 2003) and
the North Sea (e.g., Carruthers et al. 2013) are associated with bright continuous pairs of ampli-
tudes (Giles and Rowan 2012). In the Gulf of Mexico these reflectors represent condensed hemi-
pelagic mud deposited between third-order lowstand systems tracts (Prather et al. 1998; Weimer
and Link 1991; Weimer 1994). Field observations from Bakio suggest that deposition is most ex-
tensive during lowstand (Haq et al. 1987; Haq 2014) and therefore unconformities associated with
halokinetic sequence boundaries could be formed during highstand. A late Albian highstand (Haq
et al. 1987; Haq 2014), associated with increased mudstone deposition, could be responsible for
the unconformable contact separating halokinetic sequences 3 and 4 on the western flank of the
Bakio Diapir (Figures 3.10 and 3.12D; Roca et al. 2021).

Oluboyo et al (2014) recognise salt minibasins between 5 — 20 km wide in the Miocene of the
Lower Congo Basin, Angola, which are comparable in geometry and stratigraphic fill to the Bakio-
Gaztelugatxe salt-influenced basins. Across the Lower Congo Basin, elongated lobes are confined
by binding salt walls, and there is evidence for enhanced progradation between two salt walls Olu-
boyo et al. 2014). These observations appear consistent across outcropping examples (the Sollube
basin) and physical models (Soutter et al. 2021; Appendix D), and are representative of deposi-
tional systems where flow is at a low angle to structural strike (Oluboyo et al. 2014; Jackson and
Hudec 2017). In the Kwanza Basin, offshore Angola, Howlett et al. (2020) recognised a three-part
evolution (initiation, maturation and decay) of contractional salt structures that influence sediment
gravity flows, and their deposits. During the decay stage, remnant structures still exert a subtle, but
key, control on the development and position of deep-water sedimentary systems (Howlett et al.
2020). This is in similarity to the residual topography of the Bakio and Guernica diapirs, which
influences the geometry of the Sollube basin into the Cenomanian, following the cessation of dia-
pir growth, and thus controls the position and architecture of the Upper Black Flysch Group,
despite the fact the topography was static during deposition. Recognition of similar observations
at different scales reiterates the importance of a fully integrated, multi-scalar understanding of
depositional systems (Figure 6.10). The outcrops around the Bakio diapir are of seismic-scale, and
therefore it is unsurprising that they show similarities to the subsurface variability in halokinet-
ically-influenced deep-water environments.
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Deep-water systems developed under variable amounts and types of topography

Much of our understanding of deep-water settings in general is derived from outcrop observations
from the Tanqua-Karoo Basin of South Africa, the southern Pyrenees, Spain, the Clare Basin,
Ireland and the Annot Basin, France (e.g., Apps 1987; Mutti et al. 1987; Martinsen et al. 2000;
Elliott 2000; Apps et al. 2004; Kane and Hodgson 2011; Patacci et al. 2014; Hansen et al. 2019;
Soutter et al. 2019). This section describes and compares the Bakio study area to other deep-water
depositional settings confined by non-halokinetically influenced topography, specifically focussing
on examples from the Eastern Greater Caucasus, Azerbaijan (Cumberpatch et al. 2021a; Appendix
C) and the subbasins of the Annot Area, SE France (Soutter et al. 2019).

Orientation of topography: ‘Till and spill’ is commonly observed in deep water slope settings
where topography is perpendicular to flow direction (Figure 6.15; e.g., Prather et al. 2012; Oluboyo
et al. 2014; Soutter et al. 2019; 2021). In these settings, the thick high density turbidites tend to
remain ponded in up-dip basins while the more dilute low-density turbidites can ‘spill’” into the
down-dip basin (Normark et al. 1983; Normark and Piper 1991; Sinclair and Tomasso 2002). Olu-
boyo et al. (2014) showed that where regional flow direction was at a high angle to structural strike
(i.e., oblique to perpendicular) transport pathways passed progressively through multiple intra-
slope basins in a fill and spill manner. By comparison, when regional flow direction was at a low
angle to structural strike, sediment transport pathways ran parallel to structure and were confined
into individual intra-slope basins for many tens of kilometres. In the latter, often pootly-studied
or documented, configuration spill between adjacent intra slope basins in rare (Prather et al. 2012;
Oluboyo et al. 2014). A similar phenomenon has been documented in outcropping halokinetically-

influenced fluvial successions where channels develop parallel to salt-walls (Banham and Mount-
ney 2013a; b; 2014).

The Bakio study area provides the only known exposed example of a deep-water salt influenced
basin where flow direction is at a low angle to structural strike. A broadly progradational sequence,
which thickens and coarsens upwards, and runs parallel-oblique to the confining salt walls on a
similar scale and distance to the configurations in the Lower Congo Basin (Oluboyo et al. 2014),
is observed in the field area (Cumberpatch et al. 2021b; Chapter 3). A ‘secondary’ westerly pal-
acoflow orientation is indicated by Vicente Bravo and Robles (1988), and supported by palacocur-
rent data collected as part of this study (Figure 3.12A) to represent fill and spill over (Prather et al.
2012) the Guernica diapir into the Sollube basin (Roca et al. 2021). This suggests that in settings
with dynamic topography, neighbouring basins can behave independently.

In confined settings, such as the Annot Basin (slowly deforming) and the Basque-Cantabrian Basin
(quickly deforming), similar broad, fan-shaped geometries and facies are observed to unconfined
settings such as Tanqua-Karoo (Bouma and Wickens 1994; Sinclair 1994; Robles et al. 1998; 1999;
Sinclair and Tomasso 2002; Apps et al. 2004; Hodgson et al. 2006; Prélat et al. 2009; Flint et al.
2011; Salles et al. 2014; Patacci et al. 2014 Spychala et al. 2015; 2017; Soutter et al. 2019), however
systems are smaller and more elongate (Figures 3.15 and 6.16 Soutter et al. 2019; 2021). Flume
tank observations (Soutter et al. 2021; Appendix D; Figure 6.4) highlight that on the scale of an
individual event, beds that eventually stack to form lobes are of similar broad geometry, but exhibit
vital differences dependent on the presence or absence of topography during their deposition.
Broadly lobate symmetrical deposits form under the ‘unconfined’ experiment. Similar geometries
form under frontal confinement but with some confinement and lateral dispersal up dip of the
topographic barrier (compare Figure 6.4A and D). When lateral topography is present, flow veloc-
ities are 20% higher adjacent to the topographic barrier, and thus the deposit reaches further into
the basin, suggesting the flow velocity was enhanced due to the presence of topography. The re-
sultant deposit is also asymmetric with a smaller areal extent (Figure 6.4B). In experiments with
oblique confinement, two lobate deposits form (down dip and laterally re-routed up-dip of the
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topographic barrier), here the deposit geometry is highly modulated compared to that deposited
with no topography (Figure 6.4). Differences exist, not only in terms of depositional system ge-
ometry, but also in terms of how facies are distributed across these settings. A difference in facies
distribution between unconfined and confined deep-water fans is that flow transformation is in-
fluenced by topography and therefore hybrid beds are common throughout the proximal fringe
(i.e., frontal and lateral) in tectonically active confined settings, while in unconfined systems they
are restricted to the frontal fringe (Barker et al. 2008; Spychala et al. 2017; Soutter et al. 2019;
Barker et al. 2008).

Mass transport deposits as indicators of topography: A common facies association in deep-
water topographically influenced settings is the interbedding of MTDs and turbidites, giving evi-
dence for coeval seabed instability with deposition. Between the proto-Boltana and Mediano anti-
clines, in the Tremp-Pamplona Basin, Pyrenees, slide and debris flow deposits are interbedded
with coarse-grained sand-rich channel and scour-fill deposits throughout the Eocene stratigraphy,
on a similar scale and facies distribution to those in the Black Flysch Group at Cabo Matxixako
(Clark 1995; Pickering and Corregidor 2000; Schwab et al. 2007). Interbedding of slumps and tur-
bidites in the Carboniferous Ross Formation of Western Ireland is attributed to lateral mass failure
from the basin margin interacting with axial turbidity currents (e.g., Gill 1979; Gill and Kuenen
1958; Elliot 2000), in resemblance to the coeval axial (allocyclic) and lateral (halokinetic) systems
operating during the Albian in the Bakio study area. At Tremp, these deposits have been attributed
to mass-wastage from the upper and mid-slope, which were likely triggered by growth of the proto-
Boltafna and Mediano anticlines (e.g., Gupta and Pickering 2008; Dakin et al. 2013). The evolution
of the Ross Formation is influenced by mud diapirism such that channels are often bound by such
structures. Put simply, mud diapirism is a similar process to salt diapirism, and therefore the topo-
graphic barriers cause similar instabilities and therefore similar depositional facies (e.g., Fusi and
Kenyon 1996; Hanafy et al. 2017). At Bakio, remobilised carbonates (from the Aptian platform
growing on top of the diapir), and low-density turbidites (deposited on the crest or flanks of the
topographic high during the Albian-Cenomanian) are frequently reworked as mass transport de-
posits, and thus interact with the deep-water axial system, and in some cases these mass failures
act to further control and confine subsequent axial flows and lateral failures (Figures 3.15 and
3.16).

Mass transport deposits (MTDs) are well known to influence and promote ponding and partial
confinement of the overriding sediment gravity flows (Figure 6.15; e.g., Kneller et al. 2016). They
can also produce gentle seabed relief, with gradients as low as 0.05°-1.4° (Bugge et al. 1988; Gee
et al. 1999; Haflidason et al. 2004; Frey-Martinez et al. 2006; Ortiz-Karpf et al. 2015; 2016; Cum-
berpatch et al. 2021a; Appendix C) and impact the overlying strata, as is evidenced by halokienti-
cally-derived MTDs influencing subsequent deep-water sedimentary systems (Chapters 3 and 5).
Van der Merwe et al. (2009) documented on a bed scale, sandstones that underwent foundering
into an underlying debrite, driven by instability due to the density contrast of sand deposited above
the liquefied debrite (density loading) and lateral changes in sediment load (uneven loading) (Owen
2007). A similar phenomenon is described by Martinez-Dofiate et al. (in prep), in the Jurassic Los
Molles formation, Neuquén basin, Argentina, where disconnected sand bodies between 0.5-3 me-
tre thickness and 5-25 metre width ovetlie 2 mud-rich debrites, similar to disconnected channel or
scour fill sandstones assumed to be deposited in depositional lows on MTD topography at Bakio
Bay West (Chapter 3; Cumberpatch et al. 2021b). These sandstones are present in the topographic
lows of the upper surface of the debrite, where the debrite is thinnest (Figure 6.15; Martinez-
Donate et al. in prep) and are characterised by onlap and thinning towards the edges of depressions
within the upper surface of the MTD. The accumulation of thick-bedded sandstones is the product
of the dynamic nature of the upper surface of the MTD rather than a pronounced depositional
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topography (Martinez-Donate et al. in prep), similar to how thick-bedded sandstones are prefer-
entially deposited in areas of reduced salt thickness (Cumberpatch et al. 2021 b;c;d).

Together, Bakio and the Annot and Eastern Greater Caucasus examples, discussed below, offer
excellent outcropping analogues for confined deep-water successions, providing end members for
type of topography, angle of topography, and orientation of topography to depositional flow (Fig-
ure 6.15).

Eastern Greater Caucasus, Azerbaijan: The well-exposed Late Cretaceous mixed systems on
the northern side of the Eastern Greater Caucasus, Azerbaijan, shows an evolutionary history in-
fluenced by early Cretaceous topography formed by a mass transport deposit (Cumberpatch et al.
2021a; Appendix C). Evidence for irregular bathymetry is recorded by opposing palacoflow indi-
cators and frequent MTDs throughout the Late Cretaceous stratigraphy (Figure 6.12), such obser-
vations are consistent with observations around the Bakio diapir (Chapter 3). Facies analysis re-
veals a Cenomanian—early Turonian siliciclastic submarine channel complex that abruptly transi-
tions into a Mid Turonian—Maastrichtian mixed lobe-dominated succession. The channels are en-
trenched in lows on the palacoseafloor but are absent 10 km towards the west where an Early
Cretaceous submarine landslide complex acted as a topographic barrier to deposition (Figure 6.13).
By the Campanian, this topography was largely healed allowing extensive deposition of the mixed
lobe-dominated succession, acting to ‘bury’ previous topography (Figure 6.14), as is observed in
salt-influenced deep-water environments globally (Mayall et al. 2006, 2010; Scott et al. 2010; Car-
ruthers et al. 2013; Oluboyo et al. 2014; Doughty-Jones et al. 2017; 2019; Howlett et al. 2020;
Nascimento et al. 2020).

The MTD in Azerbaijan influences subsequent depositional systems, which re-route around it, and
are in some places are absent adjacent to it (Figures 6.15 and 6.16). The overall stratigraphic archi-
tecture shows evidence for the infilling of ‘residual topography’, thinning towards the margins,
similar to the Upper Black Flysch Group at Cabo Matxixako, but perhaps not as highly modulated
as depositional systems deposited on the actively deforming seabed (e.g., salt-influenced). The
presence of decametre-scale allochthonous blocks and submarine landslide deposits throughout
the Cretaceous stratigraphy indicates a highly unstable margin (Figure 6.13).

In the western part of the Azerbaijan study area, Late Cretaceous deep-marine sandstones are
observed to thin towards, and onlap, Late Jurassic platform limestones (Figures 6.13 — 6.15). Stra-
tigraphy is observed to thin from metres to centimetres across the scale of the outcrop (10's—100's
metres) towards Late Jurassic limestones around Cek (Figure 6.12). Late Jurassic limestones must,
therefore, have formed 100s of metres of relief on the Cretaceous seafloor. The most likely mech-
anism for the generation of seafloor topography is through allochthonous block emplacement.
These blocks, or “megaclasts” (e.g., Blair and McPherson 1999), were likely derived from Late
Jurassic carbonate platform limestones (Figure 6.13), similarly to the megaclasts in the Black Flysch
Group at Bakio being derived from the Aptian limestones above the diapiric highs (Figure 6.15).
Interpretations of basin-scale submarine landslide deposits, which partially form the Qizilgaya and
Shahdag mountains (Figure 6.13), further validates this interpretation of an unstable Jurassic mar-
gin forming highly rugose seabed bathymetry which influenced deep water depositional systems
throughout the Cretaceous (Bochud 2011; Gavrilov 2018). The megaclasts in the west of the study
area possibly formed part of this much larger deposit (Figures 6.13-6.15). This MTD is most likely
to represent a regional MTD, related to margin-scale collapse, and thus is extensive for 10s” — 100s’
of kilometres, rather than the locally (e.g., diapirically)-derived MTDs observed in the Black Flysch
Group (Figure 6.15; Doughty-Jones et al. 2019; Wu et al. 2020). However, similarities exist, in that
these MTDs have a substantial influence on the basal part of the stratigraphic architecture. Similar
relationships to those formed as the Cretaceous stratigraphy infilled the irregular surface created
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by earlier submarine landslide deposits, have been observed elsewhere at outcrop (e.g., Burbank et
al. 1992; Armitage et al. 2009; Kneller et al. 2020) and in the subsurface (e.g., Soutter et al. 2018;
Casson et al. 2020). The Late Jurassic blocks (Figure 6.13) within the Cretaceous stratigraphy can
be interpreted as either: (a) Late Cretaceous failures from an exposed Jurassic shelf; (b) out-running
blocks from Early Cretaceous failures (e.g., De Blasio et al. 2000) that were subsequently onlapped
during the Late Cretaceous, or; (c) blocks that were periodically remobilised throughout the Late
Cretaceous from high-relief Early Cretaceous slope submarine landslides identified in the west

(Figure 6.14).

Differential compaction around these rigid blocks will have resulted in the steepening of strata
adjacent to the block, which may contribute to the gradual rotation and steepening of stratigraphy
identified (Figure 6.12). This compaction has been reported elsewhere around allochthonous
blocks (e.g., Burbank et al. 1992). Rotation and steepening of stratigraphy due to differential com-
paction has a similar signature to rotation and steepening of stratigraphy experienced in halokinetic
sequences adjacent to growing salt diapirs (Figure 6.15; Giles and Lawton 2002; Rowan et al. 2003;
Giles and Rowan 2012; Rowan and Giles 2021; C
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Figure 6.12: Evidence for palacotopography in the Eastern Greater Cancasus. Scale is either person (1.74 m), car (1.9 m) or
indicated. A) Cretaceous stratigraphy thinning and onlapping Jurassic limestone, slope angle reconstructed. B) Evidence for opposing
ripple directions suggesting flow deflection. C) Thickness and pinch-out variability of different deposits on a metre-scale laterally. D)
Cliff section containing three conglomerate bodies that vary in architecture and termination style as indicated. E) Submarine landslide

deposit showing evidence for slumping towards the south.
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Figure 6.13: Evidence for allochtonous block model as the most likely for the generation of Cretaceons topography in the Eastern
Greater Cancasus of Azerbagjan. Scale is either person (1.74 m) or indicated. Blocks are drawn around with black dashed line.
A-C are examples of metre-decametre scale clasts around Cek. D) Shabdag Mountain, is interpreted as a kilometre -scale olisto-
strome (Bochud 2011), which moved up to 20 km without significantly effecting the internal stratigraphy (Gavrilov 2018). E)

Block with both margins exposed and onlapped by mixed stratigraphy, black box locates C.
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Figure 6.14: Evolutionary model for the Cretaceous of the Eastern Greater Cancasus of Azerbaijan. Studied stratigraphic sections
highlighted. Topography, thought to be formed by a mega-clast, is present throughout the Cretaceous and influences deposition,
discussed in detail in Cumberpatch et al. 2021a (Appendix C). Exctract from the geological time scale, sea-level fluctnations (Haq
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Grés d’Annot, France: The gravity flows responsible for the Eocene to Oligocene Annot Sand-
stone, SE France, were confined during deposition by Alpine fold-and-thrust belt topography
(Figure 6.15; Apps 1987; Sinclair 1994; Apps et al. 2014; Salles et al. 2014; Soutter et al. 2019).
When compared with the rate of topographic deformation associated with diapir growth, the rate
of orogenic deformation is more minor. The stratigraphic evolution of the Gres d’Annot is very
similar to that of the Black Flysch Group; broadly progradational, initially with thin-bedded low-
density turbidites of a distal fringe environment, which drape basinal topography. These beds are
overlain by hybrid beds representing proximal lobe fringe deposition (Soutter et al. 2019), with
continued progradation resulting in sandstones deposited in the lobe off-axis and eventually, lobe
axis. Low sinuosity systems, similar to those observed between the diapiric walls of Bakio and
Guernica are reported in the axis of basins in Annot area (Clark et al. 2008).

Rapid facies changes over 10s metres towards pinch outs are observed in the Annot basin (Apps
1987; Soutter et al. 2019), while halokinetic facies variation is seen over 100’s metres at Bakio and
in the ECG. Unlike Bakio, where palacoflow was consistently at a low angle to structural trend,
sub-basins in the Annot region were eventually filled and bypassed sediment into down-dip basins
(Figure 6.15; Sinclair and Tomasso 2002; Prather et al. 2012; Salles et al. 2014; Soutter et al. 2019),
indicating that paleoflow was perpendicular to at least one of the complex structural trends (Olu-
boyo et al. 2014). The slope angle is a scale of magnitude greater at Annot than Bakio (11° at Col
de Fa compared with 3° at Cabo Matxitaxako; Figure 3.8C). The correlation of steeper slope angle
with shorter length scale changes in facies towards pinch outs suggests that slope angle controls
facies distribution and variability adjacent to slopes (Soutter et al. 2019). Despite the steeper slopes,
debrites in the Gres d’Annot are infrequent compared to those in the Black Flysch Group, and are
slope derived (regionally), instead of deriving from diapiric highs (Figures 3.13, 3.14, 3.15, 3.16 and
6.15). This is a reflection of a more active, quickly-deforming basin floor in diapiric settings. Not-
withstanding the difference in slope angle and the configuration of flow direction to structural
strike, the stratigraphic evolution of Bakio and Annot remains broadly similar, suggesting that
confined deep-water successions are broadly predictable (Kane et al. in prep).
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Figure 6.15: Comparison of different types of topography that influence deep-water depositional systems, under increasing defor-
mation rates (After Martinez-Donate et al. (in prep); Kane et al. (in prep)). Slowly deforming example is based on field observations
from the Annot Basin, SE France (Soutter et al. 2019) and flume tank experiments of frontal topography (Soutter et al. 2021;
Appendix D). The example of the topography formed by a mass transport deposit is based on field observations in the Eastern
Greater Cancasus of Azerbaijan (Cumberpatch et al. 2021a; Appendix C) and in the Nequén Basin, Argentina (Martinez-
Dorate et al. (in prep). Quickly deforming salt basin schematic is based on field observations from the Bakio diapir (Cumberpatch
et al. 2021b; Chapter 3) and subsurface observations from the ECG, UK North Sea (Chapter 5).

Axial and lateral system interplay: The interplay of two distinct depositional systems (axial and
lateral) is common in deep-water environments influenced by active rift topography, such as the
Gulf of Corinth, Greece (Leeder and Gawthorpe 1987; Pechlivanidou et al. 2018; Cullen et al.
2019) and the Gulf of Suez, Egypt (Sharp et al. 2002; Jackson et al. 2002, 2005; Leppard and
Gawthorpe 2000). In rift settings, the continually evolving footwall scarps feed lateral MTD-rich
systems coevally with axial, allocyclically-controlled depositional systems. Deposits in syn-rift set-
tings are often narrow and elongated parallel to the strike of normal-fault segments (Carr et al.
2003; Jackson et al. 2005; Cullen et al. 2019; Tilhams et al. 2021), indicating the control on strati-
graphic architecture by footwall physiography, analogous to salt wall controls on stratigraphic ar-
chitecture. Some syn- rift tectono-sedimentary models propose that sediment supply to deep-water
sinks is predominantly locally-derived from uplifted intra-basin footwall topography, either from
the steep footwall scarp or down the gentler hanging wall dip-slope (e.g., Gawthorpe and Leeder
2000). Recent work by Tilhams et al. (2021), emphasises the importance of hinterland drainage
sourcing major syn-rift gravity flow depositional systems (Scholz et al. 1990; Pivnik et al. 2003;
Zhang et al. 2014; Zhang and Scholz 2015; Ford et al. 2017; Gawthorpe et al. 2018; Cullen et al.
2019). This supports the importance of a hinterland/regional depositional system, in addition to
local diapirically-derived sediment source areas, in deep-water halokinetically-influenced environ-
ments (Mayall et al. 2006; 2010; Jones et al. 2012; Oluboyo et al. 2014; Doughty-Jones et al. 2017,
2019; Howlett et al. 2020).
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Recognition of halokinetically-influenced settings, across all depositional environments
Sedimentological and stratigraphic features that are common across several depositional settings
where halokinetic movements are observed include: multi-scalar thinning and onlap, growth fault-
ing, pebble conglomerates, mixed siliciclastic—carbonate lithologies, MTDs, variable paleocurrents,
angular unconformities, and abrupt facies variability (Figure 6.16; Dalgarno and Johnson 1968;
Dyson 1999; Kernen et al. 2012, 2020; Carruthers et al. 2013; Counts and Amos 2016; Counts et
al. 2019).

Deposition of thick-bedded sandstones along the axis of the Sollube basin, and thinner beds and
mudstones on the flanks of the Sollube and Jata basins, is comparable to fluvial facies distribution
(Figure 6.16; Banham and Mountney 2013a; 2013b; 2014; Ribes et al. 2015) where channel-fill
sandstones dominate axial settings and floodplain mudstones are observed closer to the diapir. In
subsurface examples from shallow marine stratigraphy in the Jurassic of the Norwegian North Sea,
Mannie et al. (2014; 2016) observe thinning of 65% from axis of minibasin to diapir flank. Depo-
sitional thinning is also observed in marine-non-marine stratigraphy at El Papalote, La Popa (Giles
and Lawton, 2002; Giles and Rowan 2012) and in the mixed stratigraphy in the Adelaide Rift
Complex (Counts et al. 2019).

Individual beds in the Bakio Breccia formation are comparable in size (tens- to hundreds-of- me-
tres packages) and composition to stacked MTDs reported overlying bounding unconformities in
halokinetic sequences in the La Popa Basin (10—120 m in thickness) associated with remobilisation
of diapir roof or cap rock (Figure 6.16; Giles and Lawton 2002; Poprawski et al. 2014; 2016).
Smaller carbonate breccias with wedge-shaped geometries (metre-scale packages; Figure 3.8E) are
similar in geometry and composition to “lentils” (1 metre to 100s of metre thick) described by
McBride et al. (1974), but differ in thickness and areal extent. Lentils, MTDs, and breccias repre-
sent talus-like failure from diapir roof stratigraphy (Giles and Lawton 2002; Poprawski et al. 2014,
2016). Remobilised and reworked thin-bedded sandstones adjacent to diapirs often reflect remo-
bilisation due to diapir growth, of stratigraphy that was deposited on top of the diapirs (Figure
6.16; e.g., Kilhams et al. 2012; 2014; 2015; Poprawski et al. 2014; 2016; Doughty-Jones et al. 2019;
Howlett et al. 2020). The absence of these facies in fluvial settings probably reflects the fact that
diapirs maintained surface topography during deposition, and therefore stratigraphy was not de-
posited above them (Banham and Mountney 2013 a;b; 2014; Ribes et al. 2015; 2017). Convolute
laminated slump deposits in salt-withdrawal basins close to diapirs are reported in the Adelaide
Rift Complex showing similar geometries to the reworked thin-beds observed in siliciclastic MTDs
in this study (Counts and Amos 2010), suggesting these deposits are common in sub-aerial settings
when accommodation exists above diapiric highs.

Evaporite clasts and beds can be observed in halokinetic stratigraphy if a nearby diapir was exposed
during deposition. Interbedding of anhydrite and gypsum beds and clasts occurs within the fluvial
succession in the Sivas Basin (Ribes et al. 2015) and the Paradox Basin (Figure 6.16; Banham and
Mountney 2013b). No such salt layers or clasts are preserved in the Bakio study area suggesting
the salt structures of Bakio and Guernica were only episodically exposed at the seabed, if at all.
This fits the interpretation of carbonate-platform growth above the structures, preventing salt ex-
posure (Garcfa-Mondéjar 1990; Rosales and Pérez-Garcia 2010; Poprawski et al. 2014; 20106).

Extra formational clasts within syn-kinematic stratigraphy surrounding the Mount Frome diapir,
Adelaide Rift Complex (Counts and Amos 2016; Counts et al. 2019) are thought to represent
isolated exotic clasts bought to the surface from deep within the basin by the salt diapirs and
redeposited into the younger basin fill. This process could explain the presence of metre-scale
mafic breccias within the Triassic succession at Bakio (Poprawski et al. 2016; Roca et al. 2021).
Active diapirs in present-day basins (e.g., The Persian Gulf (Edgell 1996; Talbot and Pohjola
2009)), which contain abundant, variable, brecciated clasts from deeper in the basin, are deposited
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onto a subaerial or subaqueous surface, providing a modern analogue for such extra formational
clasts, observed in ancient halokinetically-influenced stratigraphy (Bruthans et al. 2009).

Giles and Lawton (2002) report abrupt lateral facies changes within 1 km of the syn-depositionally
active El Papalote diapir, in the I.a Popa Basin, Mexico. In the salt-influenced Sivas Basin, Turkey,
fluvial facies distributions are mostly controlled by halokinesis; minibasin axis are dominated by
channelised sandstone bodies and floodplain mudstones are observed closer to the diapir (Ribes
et al. 2015; 2017). Counts et al. (2019) describe a mudstone condensed section closest to the diapir
again suggesting finer grained deposition closer to diapirs (Figure 6.16). The Bakio study area also
highlights sandstone deposited in the basin axis while thin-beds, MTDs and mudstones occupy
the flanks, suggesting that sandstones are preferentially confined in the centre of the basin (Figure
6.16). The high amount of deformation and facies variability observed in halokinetically-influenced
deep-water stratigraphy is in agreement with other halokinetically-influenced settings globally (e.g.,
Dalgarno and Johnson 1968; Dyson 1999; Kernen et al. 2012; 2020; Banham and Mountney 2013
a;b; 2014; Poprawski et al. 2014; 2016; Counts and Amos 2016; Ribes et al. 2015; 2017; Counts et
al. 2019; Davison and Barreto 2021). This study supports recent work of Counts et al. (2019), who
suggest that unevenly distributed and highly variable facies are distinguishing of halokinetic influ-
ence, and are common in areas where depositional thinning, onlap and growth strata are present.

The consistency of field observations collected in a deep-water halokinetically-influenced setting
and previously described halokinetically-influenced settings suggests that the criteria for recognis-
ing halokinetically-influenced systems (e.g., pinch out, onlap, stratigraphic thickness variations,
variations in facies and facies distributions and unconformities) is similar regardless of depositional
environment, suggesting that halokinetic controls are central to stratigraphic architecture and evo-
lution modulation. Multiple directions of ripple lamination, presence of hybrid beds, range of
MTD types (particularly slumps containing remobilised thin-bedded sandstones), and abrupt jux-
taposition of deep-water depositional facies can be used to specifically identify deep-water stratig-
raphy influenced by salt tectonics in core and outcrop.
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Figure 6.16: Summary diagram showing how diapir topography can influence facies distribution throughout all depositional envi-
ronments (after Hudec and Jackson 2017). Salt topography acts to confine, re-route and modulate sedimentary systems in similar
ways regardless of depositional environment (e.g., failures, pinch out, over-steepened stratigraphy, multiple paleocurrent directions).
Sub-aerial environments are based on outcropping observations from Permian-Triassic stratigraphy in the Paradox Basin, Utal
(Banham and Monntney 2013a; b;2014) and the Miocene strata of the Sivas Basin, Turkey (Ribes et al. 2015; 2017). Shallow
marine observations are based on outcrop observations from the Cretaceous of the La Popa Basin, Mexico (Giles and Lawton 2002;
Rowan et al. 2003; Giles and Rowan 2012), the Cretaceous stratigraphy around the Bakio diapir, Spain (Poprawski et al. 204,
2016), and Precambian stratigraphy in the Adelaide Rift Complex, Australia (Counts and Amos 2016, Connts et al. 2019),
and subsurface observation from the Jurassic of the Central Norwegian Sea (Mannie et al. 2014; 2016). Deep-water observations
are based on the Cretaceons Black Flysch Group around the Bakio diapir, Spain (Cumberpatch et al. 2021b; Chapter 3), subsur-
face observations from the Paleocene of the ECG, UK North Sea (Kilhams et al. 2012; 2014, 2015; Chapter 5) and supplementary
literature (Booth et al. 2003; Mayall et al. 2006; 2010; Oluboyo et al. 2014, Doughty-Jones et al. 2017; 2017, Rodrignez et al.
2018; 2020).

6.6 Reducing facies uncertainty in the subsurface

Utilising outcrop analogues (Figure 4.15) can help provide sub-seismic scale depositional facies
information, helping reduce uncertainty in reservoir quality and distribution. Numerical modelling
results do not represent specific analogue conditions nor a ‘snapshot’ in time. They can therefore
help to quickly identify generic depositional architectures, deformation patterns and sediment
thickness relationships as a function of several parameters, such as variations in sedimentation
rates. Using stratigraphic architectures from our DEM and sedimentological data from field ex-
amples, we can improve predictions of the likely architecture of syn-kinematic stratigraphy and
sedimentology around salt structures, which are pootly-imaged in seismic reflection data. For ex-
ample, models provide details about gross thickness changes and geometry, whereas field ana-
logues enable inferences about reservoir quality and net-to-gross.

The DEM models presented in Chapter 4 document changes in stratigraphic architectures (thick-
ening and thinning of layers) and deformation. For simplicity and applicability to all depositional
settings the models do not assume a specific sedimentary process, and therefore no depositional
setting is implied. Composition (e.g., carbonate or siliciclastic) controls the overarching processes
experienced in a depositional setting, and therefore the likelihood of halokinetic modulation (Ad-
ams and Kenter 2012). Type of depositional setting (e.g., fluvial or deep-water) is associated with
different depositional processes (e.g., suspension fall out, laminar flow, turbulent flow) and there-
fore all sedimentary environments will respond differently to salt influence, and their depositional
facies will be differently distributed (Figure 6.17; Davison and Barreto 2021). Due to the natural
variability (internal and external controls) operating across all depositional environments there are
already a number of sub-facies present which would control reservoir distribution in a basin absent
of salt (e.g., Ferguson et al. 2020). Salt tectonics further complicates the facies heterogeneities
(Figure 6.17), making visualising sub-seismic scale variability extremely difficult, requiring an inte-
grated multi-discipline, multi-scalar approach to understanding.

The schematic conceptual models presented in Figure 6.17 are created using the stratigraphic ar-
chitecture of the intermediate aggradational model (M3, Chapter 4) and overlaying depositional
facies observations from published halokinetically-influenced settings globally (Banham and
Mountney 2013 a; b; 2014; Poprawski et al. 2014; 2016; Ribes et al. 2015; 2017; Counts et al. 2019;
Cumberpatch et al. in 2021b; Chapter 3). Outcropping halokinetically-influenced successions are
rare (Jackson and Hudec 2017) and therefore Figure 6.17 does not provide an exhaustive list of all
possible depositional environments. Each reported field example is unique in terms of stratigraphic
age, global location and proximity to salt structure, but the population of models with depositional
facies from different environments gives some insight into the expected variability in the subsur-
face.
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Deep-Water Environments

Field-based observations from the Albian-Cenomanian Black Flysch Group adjacent to the Bakio
diapir, are used to populate the model for the deep-water depositional environment. A broadly
thickening-upwards stratigraphic trend can be seen with a transition from thinly-bedded, finer-
grained sandstones to thicker-bedded coarser-grained sandstones with intercalated MTDs (Cum-
berpatch et al. 2021b). Early diapiric overburden and syn-kinematic depositional elements are de-
formed closest to the diapir with deformation rate decreasing away from the diapir, and being
minimal outside of the halokinetic sequence (Figure 6.17). The tapered composite halokinetic se-
quence at Bakio is ~700 m wide, with stratigraphic packages, and individual beds, shown to pinch
towards the diapir (Chapter 3). The width of the halokinetic sequence is akin to the width of the
zone of halokinetic influence in the DEM. Thicker bedded sandstones representing channels and
lobes are deposited in topographic lows (in minibasins adjacent to the salt structures) while towards
the flanks, the lower density part of the flows responsible for the thick-bedded sandstones may
run-up topography depositing thinly-bedded muddier sandstones towards the pinch-out (Kneller
and McCaffrey 1999). Field evidence and subsurface examples (Mayall et al. 2010; Sylvester et al.
2012; Doughty-Jones et al. 2017; Rodriguez et al. 2020) show that submarine channels often re-
route to a path of least resistance (commonly a depositional low) and increase sinuosity, depositing
lateral accretion packages, to avoid salt-cored topography.

Crestal and flank deposition is limited due to elevation, with suspension fall-out and low-density
turbidity currents depositing mudstones and thinly-bedded sandstones respectively. This sediment
is often re-worked into MTDs which thin away from the diapir. Similar observations are seen in
subsurface examples of salt-influenced systems (Oluboyo et al. 2014; Doughty-Jones et al. 2017;
Rodriguez et al. 2020) and in outcropping examples of deep-water sedimentation during rift prop-
agation (Cullen et al. 2019). The number of MTDs decreases upwards in the Black Flysch Group
which, as shown by the DEM, reflects reduction in halokinetic influence upwards and thus less
topography generation to promote failures (Figure 6.17). Not all MTDs in deep-water halokinet-
ically-influenced environments derive from diapirs; outside the zone of halokinetic influence any
MTDs observed are likely to be sourced from failures of the shelf up dip (Soutter et al. 2018;
Poprawski et al. 2021).

Stratigraphy, both vertically and laterally, outside the zone of halokinetic deformation would be
difficult to decipher using facies analysis, without looking more regionally, if you were in a deep-
water salt influenced basin, or a unconfined salt free-setting (e.g., Prélat et al. 2009). Directly above
the diapirs crest, even in the third phase of sedimentation in the DEM, lobe geometries appear to
thin slightly towards remnant topographic highs and be confined by the palacotopography (Figure
6.17). This is ground-truthed by observations that suggest Upper Black Flysch deposition was
partially confined and controlled by remnant topography despite diapir growth and MTD genera-
tion ceasing. Overall, the depositional environment shows a deep-water axial system which is mod-
ulated by and intercalated with, transverse MTDs (Figure 6.17).

Fluvial Environments

Findings from examples of dryland fluvial stratigraphy in the Triassic Moenkopi Formation in the
Salt Anticline region of SE Utah, USA (Banham et al. 2013a; b; 2014) are combined with outcrop-
ping observations from fluvio-lacustrine facies distribution in the Oligocene Sivas minibasins, Tur-
key (Ribes et al. 2015; 2017) to conceptualise the fluvial halokinetically-influenced depositional
environment model (Figure 6.17). Eatly diapiric stratigraphy is rotated upwards towards the salt
structures (Ribes et al. 2017). Gypsum clasts and debris remobilised from salt glaciers are observed
in the Sewemup member of the Moenkopi formation, representing periods of salt diapir exposure,
and remobilisation at the surface (6.17; Banham and Mountney 2013b). MTDs are rarely reported
in the Sivas minibasins (Ribes et al. 2015; 2017). Isolated shallow evaporitic lakes are found in
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depositional lows adjacent to topographic highs in the Tenderfoot Member of the Moenkopi for-
mation, signifying localised sediment starvation, in agreement with subsurface observations from
the Pre-Caspian Basin of Kazakhstan (Barde et al. 2002). Isolated lacustrine facies exploit topo-
graphic lows in fluvial-lacustrine settings, such as the lower member of the Karaytin formation
(Ribes et al. 2017), in agreement with sedimentation phase 1 in the DEM.

Outside the lateral zone of halokinetic-influence aeolian dunes experience minimal topographic
modulation (Jordan and Mountney 2012). Further up stratigraphy (sedimentation phase 2) both
outcropping examples show fluvial channels are absent from topographic highs. Channel deposi-
tion in the Ali Baba and Parriott members is confined to the minibasins between the diapirs whilst
overbank and floodplain facies are present over diapir highs (Banham and Mountney 2013b).
Multi-lateral, multi-stacked braided channel belts in the Moenkopi Formation are confined be-
tween two salt structures (Banham and Mountney 2013), perhaps with amalgamation of thicker
sandstones units increased due to confinement (Cumberpatch et al. 2021b). Channel elements
within the lower and upper member of the Karayiin formation are also confined to minibasins
(Ribes et al. 2017). Reduction of halokinetic modulation up-stratigraphy (sedimentation phase 3)
results in further braided fluvial environments with reduced diapir influence (Banham and Mount-
ney 2013; Ribes et al. 2017), or deltaic build out (Barde et al. 2002; Ribes et al. 2015). These depo-
sitional systems remain isolated by diapir topography and are not extensive over the palacohigh
showing that remnant topography controls deposition (Figure 6.17). Ribes et al. (2015; 2017) high-
lights how minibasins can be highly individualised, with higher variability in depositional sub-en-
vironments due to halokinetic, autocyclic and allocyclic controls making halokinetically-influenced
fluvial systems less predictable than their non-halokineitcally influenced counterparts (e.g., Priddy
and Clarke 2020).

Mixed Siliciclastic-Carbonate Environments

Mixed siliciclastic-carbonate environments are relatively common and found in a variety of depo-
sitional settings, including: lagoonal (Mitchell et al. 2001), shoreface (Zonneveld et al. 1997) and
deep marine (Bell et al. 2018a; Cumberpatch et al. 2021a). Often these environments are mis-
interpreted as ‘transition zones’ rather than distinct settings (Chiarella et al. 2017; Moscardelli et al.
2019; Casson et al. 2020; Cumberpatch et al. 2021a). The Ediacaran-Cambrian of the Adelaide Rift
Complex, South Australia, documents stratigraphic-scale mixing (sensu Chiarella et al. 2017) of a
halokinetically-influenced mixed succession (Counts and Amos 2016; Counts et al. 2019). The early
kinematic modelled layer, which represents the Wonoka Formation is interpreted as a marginally
modulated storm-dominated carbonate shallow shelf (Counts et al. 2019). Infrequent, isolated de-
bris-rich conglomeratic channels originating from the salt-cored high are observed outside of the
zone of halokinetic influence (Figure 6.17) suggesting that MTD deposits may have been re-dis-
tributed by small-scale channels (Counts et al. 2019). MTDs are also observed close to the topo-
graphic highs due to slumping during passive folding over the diapir topography. This agrees with
alluvial fan deposits which are continuous for tens of metres on the flanks of the diapir in the
upper Wonoka Formation (Counts et al. 2019).

The Bonney Sandstone, equivalent to sedimentation phase 1 in the DEM, is interpreted as a
broadly subsiding siliciclastic floodplain with infrequent small channels. This is a result of salt
withdrawal beneath the minibasin (Von der Borch et al. 1982; Counts and Amos 2016; Counts et
al. 2019). Channel stacking is rare, and isolated to topographic lows (directly adjacent to the diapir)
where there is reduced space, so stacking occurs. During late Bonney Sandstone times the central
topographic high was failing and shedding conglomerates from the ridge, in agreement with mod-
elled observations of a thin and partially re-mobilised roof (Figure 6.17).
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The Rawnsley Quartzite, which is equivalent to sedimentation phase 2 in the model, represents
the deposition of subaqueous dunes and minor channels, which dominate outside of the haloki-
netically-influenced zone. The dunes themselves do not appear to pinch out towards the topo-
graphic high, but the entire stratigraphic formation does, in agreement with the DEM and haloki-
netic sequence models (Giles and Rowan 2012). Dunes experience minor modulation, but are no-
tably absent within proximity to the diapiric high, probably because the topography promoted sub-
aerial conditions (Counts et al. 2019). The reduction in halokinetic influence upwards and burial
of salt topography observed in models agrees with the deposition of the carbonate Wilkawillina
Formation extensively across the top of the diapir (Figure 6.16). A regional carbonate ramp builds
out across the entire minibasin following the reduction of salt influence (Counts et al. 2019); the
palaeohigh above the diapir acts as a nucleation point for ramp progradation (Figure 6.17; Giles
2014). Mixed systems are often inherently more complicated than their siliciclastic- or carbonate-
only counterparts, and in salt-influenced settings record the interplay of not only siliclastic and
carbonate systems, but also halokinesis, creating a complex array of depositional facies. Therefore,
halokinetically-influenced mixed systems are unlikely to follow a predictable trend and ought to be
treated on a case-by-case basis.

Carbonate Environments

Field observations from the Barremian-Albian Urgonian Group adjacent to the Bakio diapir were
used to create a conceptual model for deposition in a carbonate-dominated marine environment
(Poprawski et al. 2014; 2016). The Urgonian limestone is known regionally to form isolated shallow
marine carbonate platforms on top of topographic highs such as footwalls and diapirs (Rosales
and Pérez-Garcfa 2010). The locally known Gaztelugatxe limestone is interpreted to represent a
long-lived carbonate platform developed on top of the Bakio diapir during growth (Figure 6.17).
Distal equivalents to the Gaztelugatxe Limestone, the Bakio Marls, are interpreted to represent
downdip deposition in a deep-water environment dominated by calcareous turbidity and debris
flows. Adjacent to the diapir at Bakio these deposits are steeply-rotated into a composite haloki-
netic sequence (Giles and Rowan 2012; Poprawski et al. 2014; 2016).

Throughout the stratigraphic evolution of the carbonate marine system at Bakio, a platform con-
tinues to build up on top of the diapir, with a regional sequence boundary suggesting a period of
uplift and karstification (Agirrezabala and Lopez-Horgue 2017). MTDs that appear to be sourced
directly from the carbonate platform above the diapir are visible at Gaztelugatxe Island and pinch-
out away from the diapir (Figure 6.17), in agreement with halokinetically-influenced lentil geome-
tries observed elsewhere (McBride et al. 1974; Hunnicut 1998; Giles and Lawton 2002; Cumber-
patch et al. 2021b). Remobilised limestone clasts make up the majority of the Bakio Breccia For-
mation, deriving from platform failures during diapir growth. Blocks of Gaztelugatxe limestone
are found outside of MTDs (Figures 6.16 and 6.18) and form subtle basin floor topography for
subsequent siliciclastic deposits (Cumberpatch et al. 2021b), possibly having slid from the platform
ot been carried as out-runner blocks ahead of MTDs (e.g., Soutter et al. 2018).

Poprawski et al. (20106) interpret a laterally-equivalent, calcareous deep-water depositional system
downdip of the carbonate platform which is evidenced by calcareous thin-bedded debrites and
turbidites overlying the Bakio Breccia formation in certain outcrops. Outside of the zone of halo-
kinetic influence the stratigraphy is assumed to be horizontal, with calcareous lobes showing neg-
ligible salt influence, however, outcrop is limited. An overall broadly predictable facies distribution
for marine carbonate environments, consisting of carbonate platforms on the diapir high (crest),
diapirically-derived MTDs and carbonate blocks on the salt flank and deeper water distal facies in
the undeformed section is apparent from the conceptual facies model (Figure 6.17) in agreement
with subsurface examples (Bosence 2005; Lukasik and Simo 2008; Warren 2016; Jackson and
Hudec 2017).
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Figure 6.17: Schematic conceptnal models for facies distribution in different halokinetically-influenced depositional settings. Pub-
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6.7 Subsurface energy implications

Summary

Deep-water gravity flow deposits provide excellent hydrocarbon reservoirs, carbon storage sites
and geothermal aquifers. Salt is a near-perfect seal (Warren 2016) and can provide a high-quality
sealing unit or combination trap for these deposits. The dimensions, facies, and lateral and vertical
distributions of sand bodies from seismic scale outcrop analogues (Chapter 3) are often used as
inputs into reservoir models for salt influenced basins. It is vital in reducing uncertainty to use
outcropping examples which are comparable to subsurface examples (Abegg 2004). Facies distri-
butions and other learnings from fieldwork around the Bakio diapir are fit-for-purpose in reservoir
models of salt-controlled minibasins globally and locally.

The Gaviota storage facility, 8 km offshore from Cabo Matxixako (Bakio coastline), which pro-
vides 1/6™ of Spain’s annual gas requirement, demonstrates the suitability of deep-water salt-in-
fluenced settings as reservoirs for gas storage, or the trapping of hydrocarbons. Gaviota was pre-
viously a hydrocarbon field. Gas is stored within stratigraphy of similar age and facies to that
outcropping onshore (e.g., the siliciclastic Albian-Cenomanian Black Flysch Group), and is
trapped by a complex positive flower structure cored by Triassic salt (Camara and Gentou 1990;
Nieto et al. 2003; Varela et al. 2003; Shesa 2018). The halokinetically-influenced exposures in the
Basque Cantabrian basin were used as direct analogues for both the original hydrocarbon discov-
ery and the present-day gas storage site, highlighting the importance and relevance of outcrop-
ping analogues in subsurface energy exploration, production and storage (Camara and Gentou
1990; Camara 2017). The capability of Gaviota to store gas without leaking, suggests that similar
reservoir-trap pairs globally may also be suitable for long term storage, such as the storage of car-
bon dioxide or hydrogen.

Reservoir quality predictability

In the subsurface, salt appears chaotic due to poor velocity controls (Jones and Davison 2014).
MTDs also appear chaotic due to their internal disorder and therefore it can be difficult to decipher
them from salt structures in subsurface seismic data, often leading to the overestimation of salt
thickness due to difficulty identifying the top of the salt, which can underestimate reservoir thick-
ness (i.e., some of the reservoir is characterised as salt; Charles and Rhyzhikov 2015). Where seis-
mic resolution and quality allows, halokinetically-influenced facies may be decipherable from allo-
cyclically-controlled facies. Chaotic units which originate at salt structures and thin away from salt
are likely to represent mass transport complexes, typically representing poorer-quality reservoirs,
which are difficult to produce from. More ordered units which thin towards salt structures and
may show lobate or channelised geometries are likely to represent lobe or channel complexes,
typically represent good quality, producible reservoirs. Core through one of these halokinetically-
influenced successions would show a wide range of facies which are difficult to correlate in two-
dimensions, demonstrating the need to integrate outcrop analogues to better understand multi-
dimensional reservoir facies distributions. The presence of ripples reflections, frequent hybrid beds
and common mass transport deposits in core can be indicative of halokinetically-influenced deep-
water successions in subsurface datasets (Figure 6.6).

The distribution of sandstones in halokinetically-influenced deep-water successions is controlled
by location relative to the salt structure. Sandstones between two diapirs, deposited in a syncline
where gravity flow deposits have been deposited between two structures are likely to be well
stacked and amalgamated and therefore provide an extensive, connected reservoir, with a greater
capacity for hydrocarbon or carbon storage than a non-stacked reservoir sandstone. In these con-
figurations the reservoir sandstones are further away from the stratigraphic-structural trap and
therefore trapping uncertainty is increased (Figure 4.16). Sandstones deposited on one flank of the
diapir, which are not influenced by another nearby diapir are less likely to be well stacked, because
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they are less confined, and distributed, isolated reservoirs are more likely. These sandstones tend
to occur closer to the stratigraphic-structural trap than those in minibasins and therefore trap risk
is reduced, however, these sandstones will not necessarily be connected and hence reservoir thick-
ness and connectivity remains uncertain (Figure 4.16). Overall, net-to-gross is shown to increase
away from salt diapirs in field observations (Chapter 3), with zones closest to the diapir being
occupied by the most chaotic and ‘gross’ facies and those further away from the diapir being as-
sociated with thicker, better connected ‘net’ sandstones suitable as aquifers or hydrocarbon reser-
Voirs.

Similar observations are seen in our numerical models, where, regardless of depositional system or
amount of sedimentation, stratigraphy appears to thin as it approaches the diapir suggesting a
reduction in the amount of ‘net reservoir’ close to the salt structure (Figures 4.9 and 6.17; Jackson
and Hudec 2017). Siliciclastic depositional environments (deep-water and fluvial) show a thinning
of sandstone lobes and channels towards the topographic high and an overall concentration of
high-quality reservoir sandstones at the base of topography (Figures 4.13 and 6.17). These sand-
stones are most likely to be of highest reservoir quality and producibility, but are often deposited
far from the diapir such that trapping mechanism becomes an uncertainty (Kane et al. 2012;
Stricker et al. 2018).

In the siliciclastic depositional models muddier, thinner and lower reservoir quality units are ex-
pected closer to the diapir, for example distal fringes of lobes in deep-water successions and over-
bank and flood plain deposits in fluvial settings (Figure 6.17; Banham and Mountney 2013 a; b;
2014; Ribes et al. 2015; 2017; Cumberpatch et al. in 2021b). This causes typically lower quality
reservoirs, which are more likely to be over-pressured due to upward rotation of stratigraphy and
therefore less likely to hold a significant hydrocarbon column, despite being close to a potentially
high quality structural-stratigraphic trap (Figures 4.13 and 4.14; Nikolinakou et al. 2014; 2018; Hei-
dari et al. 2017; 2019).

In carbonate-dominated depositional environments salt highs may promote a topographic high in
otherwise relatively deep-water conditions which may allow for the build-up of isolated carbonate
platforms or reefs which may have excellent reservoir potential (Figure 6.17; Riding 2002; Burgess
et al. 2013; Teixell et al. 2017). Potential carbonate reservoirs are likely to experience a subsequent
changes in reservoir quality, as the continued growth of the salt diapir generates fractures in the
overburden which could form significant secondary porosity (He et al. 2014; Howarth and Alves
2016; Saura et al. 2010), increasing reservoir quality and producibility. Subsequent diagenesis can
also occur, which can cause the reduction of reservoir quality, for example due to dolomitization.
In mixed systems where carbonate and siliciclastic systems are intercalated, siliciclastic mudstones
deposited on top of diapirs may act as a significant seal to carbonate platform or reef reservoirs
below (Figure 6.17; Moscardelli et al. 2019; Casson et al. 2020; Cumberpatch et al. 2021a; Appendix
(O

Mass Transport Deposits

MTDs contribute to uncertainty in hydrocarbon production and carbon storage (Figure 06.2).
MTDs can act as reservoirs, where there is enough reworked amalgamated sandstone to allow fluid
flow (e.g., the Frigg Formation of the North Sea (Jenette et al. 2000)). They are more often asso-
ciated with barriers and partial seals (Figure 6.2; Moscardelli et al. 2006; Poprawski et al. 2021).
Heterogeneities in flow characteristics caused by the presence of reworked thin-beds within MTD
deposits could act as thief sands, allowing reservoir fluids to migrate further up dip closer to the
salt structure and be lost from the overall accumulation, reducing the hydrocarbon volume asso-
ciated in petroleum exploration and causing leakage risks in carbon storage (Tyagi et al. 2008;
Souche et al. 2015; McKie et al. 2015), creating seal and trap uncertainty.
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Locally-derived MTDs are often assumed to be mud-rich (Madof et al. 2009) related to remobili-
sation of mud which drapes the diapirs roof. Davison et al. (2000) reported locally-derived Palae-
ocene MTDs including clasts of Cretaceous chalk mixed inside a muddy-matrix, derived from
adjacent diapirs. Similar highly variable MTD facies have been documented throughout the Palae-
ocene formations in the Central Graben (Kilhams et al. 2012; 2014; 2015). In addition, Wu et al.
(2020), described locally-derived MTDs containing from 40 — 60% sandstones, showing the wide
variety of locally-derived MTDs within salt-controlled basins (Cumberpatch et al. 2021b).

When the apex of the diapir remains in deep-water environments, they are assumed to experience
mudstone and fine-grained turbidite deposition (Mayall et al. 2010; Poprawski et al. 2021) and
consequently, slope failure creating MTDs is assumed to occur by the diapir flank steepening (Fig-
ure 6.2). During their downslope trajectory, MTDs may interact with other allocyclically-derived
facies deposited on the sea floor (e.g., turbidites). If MTDs are transported above a muddy sub-
strate, they will remain relatively muddy (Figure 3.6) and thus have relatively good sealing proper-
ties in a subsurface energy system, both near and at distance from the diapirs (Figure 6.2; Madof
et al. 2009; Poprawski et al. 2021). Such MTDs are identified in the Jata Basin (Figure 3.10; Chapter
3; Poprawski et al. 2021).

If the trajectory of a locally-derived muddy MTD passes over coarser grained facies (e.g., turbid-
ites), these may become incorporated into the MTD (Figure 3.6; e.g., Ogata et al. 2014; Sobiesiak
et al. 2016; 2018; Cardona et al. 2020), and therefore the percentage of sandstone clasts or re-
worked thin-bedded sandstones may increase over a short length scale away from the diapir (Figure
6.2). Anincrease in the number of porous clasts may decrease the sealing properties of these MTDs
away from the diapirs, and even enhance reservoir, or thief sandstone, potential (Figure 6.2;
Poprawski et al. 2021). Such MTDs are identified in the Sollube Basin at Bakio (Figure 3.11; Chap-
ter 3; Poprawski et al. 2021).

The Bakio field analogue shows that shallow-water carbonate clasts can be transported to deep-
water environments, where the facies developed above diapiric highs (carbonate platforms grow-
ing in the photic zone) strongly differ from the facies in adjacent minibasins (deep-water facies;
Poprawski et al. 2016). The MTDs in the Bakio Breccia Formation (Figure 3.5) are results of fail-
ures of the over-steepened carbonate highs into deep-water basins (Figure 6.2; Giles and Rowan
2012; Poprawski et al. 2014; 2016; 2021). The percentage of limestone clasts within this type of
MTD is shown to decrease away from the diapirs, and consequently such MTDs may have in-
creased reservoir potential close to the diapir, whilst their distal toe may be muddier with higher
sealing potential (Figure 6.2).

Characterising the nature of the diapir roof and the surrounding seafloor can aid in prediction of
the reservoir and sealing properties of locally-derived MTDs (Figure 6.2; Poprawski et al. 2021).
For siliciclastic-dominated MTDs, the seal risk may be reduced by drilling near the diapir, as pos-
tulated by Madof et al., (2009), since porous, high density turbidites facies are often restricted to
the axial part of the salt withdrawal basins. By contrast, the seal risk increases near the diapir for
carbonate-dominated MTDs, since redeposited carbonates with increased porosity relative to the
muddy matrix are deposited near the diapir. Irrespective of MTD composition, the geometries of
the internal structures (e.g., soft sediment deformation) must be studied as these may form paths
for fluids (e.g., Wu et al. 2020; Cardona et al. 2020).
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Halokinetic zonation of salt-influenced stratigraphy using DEM results

The model results show that a deformation zone exists either side of the diapir in all experiments
(Figures 4.4-4.6). Outside of this zone the early diapiric and syn-kinematic stratigraphy are unde-
formed. The extent of this salt withdrawal basin is 1150 m on either side of the diapir (2300 m in
total). Therefore, the total zone of halokinetic influence in all models is approximately 3 times the
original diapirs maximum width (750 m), with a deformed zone of 1.5 diapir widths either side of
the structure (Figure 4.16). The width of the deformation zones is comparable across all models
(Figure 4.10) and therefore it is shown that sedimentation rate is unlikely to have a significant
control on the width of the zone of halokinetic influence (Giles and Rowan 2012; Hearon et al.
2014). The models suggest the width of the halokinetically-influenced zone is proportional to the
width of the salt diapir, which may prove helpful for well planning, pressure analysis and reservoir
quality prediction in subsurface energy exploration and development (Cedefio et al. 2019). Other
factors such as salt supply, salt viscosity, and style and magnitude of regional tectonics (which are
not modelled) will, in nature, influence the width of the halokinetically-deformed zone (Koyi 1998;
Fuchs et al. 2011).

The models can be further divided into zones (1-5) based on onlap geometry and thinning rates,
which highlight the ‘trade off” between reservoir thickness and stratigraphic trap potential in sub-
surface plays (Figure 4.16). In the flank locations, bedding dips and thinning rates are shown to be
greater under slower sedimentation rates compared to higher sedimentation rates (Figure 4.11;
Table 4.3), which is important when predicting hydrocarbon column height. Significant overpres-

sures on reservoirs below can be created by fast sedimentation rates (Figure 4.16; Peeters et al.
2018).

Zone 1 is outside the zone of halokinetic influence, and as such only experiences negligible defor-
mation. Stratigraphy is deposited horizontally throughout evolution in these zones and therefore
stratigraphic pinch-out trap potential is likely to be low. Due to minimal modulation, reservoir
sandstones may be of the best quality and thickest in this location. Halokinetic-influence increases
towards the diapir, and in general, reservoir quality and thickness decrease while stratigraphic trap
potential increases (Figure 4.16; Wilkinson et al. 2013; Ward et al. 2016; Jackson and Hudec 2017).
Reservoir units will be thicker and less modulated up-stratigraphy once they have passed the ver-
tical/ temporal halokinetic influence of the diapir (Blanchard et al. 2018). At this point reservoir
units could be more laterally extensive with better quality and thicknesses than those isolated either
side of the diapir (compare layers B and L; Figure 4.16). With vertical distance from the diapir,
however, structural-stratigraphic combination traps become unlikely, and stratigraphic trapping
styles observed in unconfined basins (e.g., lobes enclosed within mudstone; Cobain et al. 2017
Sattar et al. 2017; Hansen et al. 2019) will become increasingly important.

In the withdrawal basin zone (Zone 2) only minimal thinning is observed (Table 4.3) and beds
remain broadly horizontal. Structural-stratigraphic trapping potential is still low, and reservoir qual-
ity is still high although minor reservoir thinning may have occurred (e.g., 0.04 %/m; Table 4.3;
Figure 4.16). In the onlap zone (Zone 3) more obvious thinning of potential reservoir units are
observed, suggesting a reduction in reservoir thickness, but still a potentially economic net-to-
gross. In Figure 4.16 (Zone 3) Layer A (grey) is shown to abruptly terminate on the overburden
high, while layer B (white) pinches out towards an onlap, providing good quality stratigraphic trap-
ping mechanisms for subsurface energy resources. Layers in the later stratigraphy thin in the onlap
zone, however, the effect of the halokinetic modulation decreases upwards.

At the salt flanks (Zone 4) the highest thinning rates are observed (Table 4.3) for all layers, across

all models, showing that this zone has the strongest influence on reservoir presence, potential and
producibility. Facies analysis (Kane et al. 2012; Souche et al. 2015; Soutter et al. 2019; Cumberpatch
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et al. 2021b) shows that thinner, finer-grained, muddier beds intercalated with MTDs are more
common in this zone. The steepest onlap and pinch-out configurations are observed in the salt
flank which could provide excellent stratigraphic-structural trapping mechanisms (Gardiner 2000;
Stanbrook et al. 2008). The steep upwards rotation of the strata in these locations may pose drilling
hazards due to over-pressured reservoirs, and inability to hold a significantly economic column
could be encountered (Nikolinakou et al. 2014; 2018; Heidari et al. 2017; 2019). Syn-kinematic
strata over the salt apex (Zone 5) are almost horizontal and show minimal folding over the crest
which could act as subtle stratigraphic traps caused by differential compaction over the topo-
graphic high (Dietrich 1993; Jackson and Hudec 2017; Ward et al. 2018; Cedefio et al. 2019). Layers
are thinner than in the undeformed stratigraphy, and some are completely absent, for example if
Layer C was the reservoir unit it would not be present above the diapiric high (Figure 4.16).

Where multiple diapirs are present (Chapter 5) diapir spacing controls the presence, extent and
width, of the minimal modulation zone between the salt withdrawal zone in the middle of diapirs
(Figures 5.10 and 5.11). The best reservoirs are likely located in the minimal modulation zone, and
therefore diapir spacing controls reservoir distribution, and producibility. Between narrowly-
spaced diapirs (M1 <3000 m), each halokinetic zone is small, with a thin strip of salt withdrawal
basin between the diapirs. In this zone, good, thick, amalgamated reservoirs are likely to develop,
but structural traps are limited (Figures 5.10 and 5.11). Between intermediately-spaced (3000-
4500m) diapirs the salt withdrawal basin between the diapirs is larger than in narrowly spaced
diapirs, but the other halokinetic zones are similar widths. Deformation decreases towards the
centre of the salt withdrawal basin, but there appears to remain some subtle modulation of stra-
tigraphy at the centre, suggesting that reservoir units will not be completely undeformed, and will
still experience some deformation due to halokinetic-influence. Therefore, these reservoir units
may have higher reservoir complexity and lower reservoir quality than is expected for an ‘unde-
formed’, non-halokinetically influenced reservoir (Figures 5.10 and 5.11). Where diapirs are widely
spaced (>4500m) giving a zone of ‘minimal modulation’ between them, good quality reservoir
properties may be expected (Figures 5.10 and 5.11), exemplified by the thick, sandstones stacked
between the Bakio and Guernica salt structures (Cumberpatch et al. 2021b). With increasing diapir
spacing the zone of reduced halokinetic influence is extensive, and therefore thick reservoir units
would be laterally extensive (Figure 5.11), potentially analogous to the sandstones at Cabo
Matxixako between the Bakio and Guernica diapirs . Nonetheless, due to the topography of the
top and base salt, non-piercing diapirs and salt related faults at depth, there may also be structural
closures further away from salt diapirs, reaffirming knowledge that subsurface energy plays in salt
basins do not always rely on penetrative diapirs (Jackson and Hudec 2017).

In areas of poor data coverage adjacent to salt structures this scheme, derived from numerical
modelling, can be used as a predictive tool for what types of deformation and stratigraphic geom-
etry to expect in the subsurface. The model highlights the trade-off between reservoir thickness
and quality and stratigraphic trap potential, and the onlap zone is suggested as the optimum loca-
tion for both suitable net-to-gross and stratigraphic trap potential. The combination of numerical
modelling and the wealth of data from the North Sea used in Chapter 5, make the halokinetic
zonation scheme useful globally, for gaining a better understanding of the effects of diapir spacing
on stratigraphic architectures. Whilst our models are an oversimplification, with stratigraphic and
structural evolutions well known, and controlled, they are useful for providing generic end mem-
bers, which can be populated with basin specific data and understanding.

Fault distribution

DEM is advantageous in predicting potential traps, conduits and baffles, due to its replication of
diapir-related brittle deformation. The DEM presented in Chapter 4 replicates localised fault
growth, evolution and propagation because the contacts between elements are treated as potential
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displacement surfaces. Subsurface examples of faults associated with salt diapirs are shown to
cause compartmentalisation of reservoirs (Birch and Haynes 2003; Scott et al. 2010; Charles and
Ryzhikov 2015; Peeters et al. 2018; Coleman et al. 2018). As well as these significant, seismically-
resolvable faults, outcrop and borehole data indicate brittle deformation is significant across mul-
tiple-scales in salt basins (e.g., Koestler and Ehrmann 1991; Cumberpatch et al. 2021b), influencing
fluid flow pathways and reservoir and stratigraphic trap complexities. Understanding sub-seismic
scale fault distribution is therefore important for predicting reservoir compartmentalisation and
seal integrity in the subsurface. Faults, when sealing, could act as lateral permeability barriers, es-
pecially if the faults and surrounding reservoir rocks become cemented with salt and salt-related
breccia (Van Bergen and de Leeuw 2001; Li et al. 2017).

Towards an integrated workflow

Supplementing subsurface data with modelled stratal architectures and depositional facies obser-
vations from exhumed halokinetically-influenced settings globally (e.g., Banham and Mountney
2013a;b; 2014; Poprawski et al. 2014;2016; Counts and Amos 2016; Ribes et al. 2015; 2017; Counts
et al. 2019; Cumberpatch et al. 2021b) is recommended as a useful workflow for building subsur-
face energy reservoir models for salt basins with limited data (Figure 6.10). Integrated, cross-disci-
pline working and thinking has helped to increase understanding of how halokinetically-influenced
deep-water systems differ from their unconfined counterparts, and what controls these differences.
Observations from multiple scales and types of data help to supplement knowledge gaps that exist
when using only one data type or scale (Figure 6.10). Utilising all available data, and employing
multi-scalar workflows is recommended when working in salt basins.

6.8 Future research directions

Outcrop studies

Future directions for outcrop studies at Bakio should focus on widening the scales of observations
(i.e., grain-scale) and improving the understanding of data that can be input into subsurface reser-
voir models of salt influenced deep-water basins. Such studies could: 1) assess the applicability of
the conceptual models generated as part of this study to other diapirs across the Basque-Cantabrian
Basin, 2) perform grain-scale petrographic analysis on different facies within the Black Flysch
Group, to understand small-scale heterogeneities and the associated effects on reservoir deterio-
ration in salt-influenced deep-water settings, 3) reappraise the structural configuration of Gaztelu-
gatxe Island in order to better understand along strike variability in halokinetic sequences, and 4)
extract architectural data, bedding orientations and net-to-gross estimations from virtual outcrop
models of the study area to provide quantification on lateral and temporal variability.

Comparing the Sollube and Jata basin architectures to basins surrounding other Basque-Cantabrian
diapirs (e.g., the Murguia, Ordufia and Vilassana de Mena diapirs which outcrop south of Bakio
and are assumed to be coeval within Aptian-Albian limestone deposition (Camara 2017)) would
help to validate models generated in our study area, and further analyse different controls effecting
stratigraphic architecture and facies (e.g., diapir spacing, regional source areas etc.). These concep-
tual models could also be tested in deep-water halokinetically-influenced basins globally (in the
subsurface, outcrop and modern day).

Grain-scale petrographical analysis of different facies in the Black Flysch Group, would allow for
analysis of how they vary across different deep-water sub-environments in salt-influenced settings,
and consequently give insights into flow processes. Such a study could also help to decipher local
versus regional MTDs by studying petrographical indicators of MTD evolution, such as prove-
nance, source area and run out distance.
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The structure of Gaztelugatxe Island has been debated (Poprawski et al. 2014; 2016; Roca et al.
2021) and is problematic to conclusively appraise, due to difficulties separating bedding planes
from fracture surfaces, and due to accessibility issues on the most northerly part of the island.
Virtual outcrop models help to provide an insight into bedding orientations and structuration on
the inaccessible part of this island, and preliminary analysis suggests four possible models; a meg-
aflap, a salt cored anticline, a fault and a tertiary weld (Figure 6.18). Detailed structural mapping
would be required to resolve the most likely explanation for the complex structuration. Disentan-
gling this problem would confirm the extent of the offshore Bakio diapir, and provide insight into
‘sub-seismic’ along-strike diapir variability. This has industrial implications for prediction of struc-
tural traps, de-risking seal integrity and estimating migration pathways.

Extracting quantitative data from virtual outcrop models, created as part of this study, would aid
comparison to unconfined, and differently confined deep-water systems globally, and provide di-
rect inputs into subsurface reservoir models. Such data could also allow for synthetic seismic mod-
els (e.g., Bakke et al. 2013) to be created, and tested across different resolutions, to see what reso-
lutions are required to identify deep-water sub-environments transitions and bed pinch out geom-
etries in salt-confined basins in the subsurface.

The Azerbaijan field example presented in Appendix C (Cumberpatch et al. 2021a) studied only
one structural zone of the Greater Caucasus. There remain extensive outcrops of Cretaceous-aged
sediments in other structural zones within the Greater Caucasus. Future research should focus on
extending the sedimentological and stratigraphic findings of Cumberpatch et al. (2021a) across the
entire Cretaceous post-rift basin. These findings could increase understanding of both the palaco-
geographic evolution of the basin, such as sediment input points and lateral-distal facies variations.
As well as the response of the basin to the external controls outlined in Cumberpatch et al. (2021;
Appendix C), for example whether tectonic activity was a greater influence on the stratigraphic
record of the basin closer to the locus of activity in the Black Sea toward the west. Analysis of
different structural zones would provide further insight into the mixed carbonate-siliciclastic sys-
tem evolution across a larger scale, particularly if extent of carbonate platforms and siliciclastic
sediment input systems can be discerned. Regional analysis could allow the tracing of the Shahdag
mountain MTD across multiple structural zones, which would provide further opportunity to
study the evolution of deep-water systems adjacent to mass transport topography (Figure 6.14).
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Figure 6.17: Four of the potential models proposed for the structural configuration of Gaztelugatxe Island. The salt flap hypothesis
suggests that the Bakio Diapir extends offshore to the NE to Gagtelugatxe Island and is present offshore to the north of the island.
The diapiric structure bere is somewhat overturned, due to Pyrenean compression, and this canses the complete overturning of the
limestone and over-steepening of the Lower Black Flysch Group. In the salt-cored anticline hypothesis the Bakio Diapir is also stil]
present to the north of Gaztelugarxe Island. The Gaztelugatxe Limestone is folded over the salt which results in a heavily fractured
limestone unit. The Lower Black Flysch is interpreted to have been deposited above the Gaztelugatxe Limestone and subsequent
flanfk collapse resulted in the juxctaposition observed today. Similar salt cored, extensionally-forced folds have been recently documented
in the Burgalesa Platform (western Basque Cantabrian Basin) (Tavani and Granado 2015; Bodego et al. 2018). In the fanlt
model the Bakio Diapir does not extend to Gaztelugatxe Island. The north of the island therefore represents a footwall high, where
carbonate butld up was common and the south of the island represents the downthrown side. Fanlt activity may have occurred during
deposition of the Lower Black Flysch Group, supporting the steepening of the beds towards the fanlt. Poprawski et al. (2014, 2016)
suggests this fanlt, the Gaztelugatxe Fault, is the reactive fanlt responsible for the initial growth of the Bakio Diapir during its
reactive phase in the Albian. Subsequent movement in the Pyrenean has created the complex geometry observed today. The weld
model suggests that the Bakio Diapir extends through the middle of Gaztelugatxe Island, but has changed in structural configuration
along strife to become a tertiary weld at depth beneath the island. This suggests that the Bakio Diapir once extended to the island
but subsequent withdrawal and compression formed a tertiary weld resulting in the teepee geometry observed in the bedding at the
Island,.

Numerical modelling studies

The two-dimensional DEM presented in Chapter 4 and 5 (Cumberpatch et al. 2021c;d) is useful
for predicting regional trends and studying generic interactions of salt structures and stratigraphy,
however there are many limitations due to its’ two-dimensional nature, for example diapir growth,
sedimentation and salt withdrawal are assumed to be radially symmetrical. Further work is required
using three-dimensional models to better simulate the complicated three-dimensional systems that
are observed in nature. The overall aim of this work would be to improve predictions of halokinetic
alteration in salt basins.

3D simulations could provide insight into the four-dimensional evolution of stratigraphy adjacent
to salt diapirs, salt-related faulting, the processes controlling expulsion and withdrawal of source
layer salt into diapirs and variability in stratigraphic architecture and stacking, all of which would
supplement subsurface models (Figure 6.19; e.g., Pichel and Jackson 2020). Coupling a 3D DEM
with a landscape evolution model could enable realistic representation of drainage pathways, dep-
ositional fairways and preferential failure directions (Figure 6.19) helping to supplement deposi-
tional models of halokinetically-influenced environments based on specific analogues, and provide
non-specific end members which may be more broadly applicable in exploring and producing
energy resources in global salt basins.

It is suggested that further 2D and 3D DEM work should focus on: 1) attempting to replicate
specific complicated salt geometries such as those present in the subsurface Gulf of Mexico, 2)
incorporating erosion, remobilisation, reactivation and cessation of halokinesis into the simula-
tions to better comprehend the controls on halokinetic unconformity generation and, 3) varying
different parameters (salt thickness, viscosity, rise rate, width etc.) to validate numerous hypothesis
in salt tectonics (Jackson and Hudec 2017).

The nature of this modelling technique, means the models are highly adaptable and a number of
parameters can be quickly varied to address multiple uncertainties in salt basins. Re-creating com-
plex overhanging geometries, such as those in the Gulf of Mexico would improve understanding
of the tectonic evolutions that lead to their development. Modelling these geometties would pro-
vide insights into sub-salt stratigraphic relationships that are often difficult to decipher beneath
overhangs (Jones and Davison 2014) alleviating some uncertainty in subsurface exploration and
production.
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Incorporating erosion, remobilisation and rejuvenation into the model would also more realisti-
cally represent natural settings where entrainment and failure influences thickness patterns, strati-
graphic architectures and can remove the diapiric roof. If failures could be better simulated, models
could provide insights into the coeval deposition of axial and lateral systems.

When modelling there is the potential to change many variables and not really appreciate the im-

plications of such changes. In these cases results could become geologically unrealistic. Therefore,

future simulations should attempt to address and supplement current salt tectonic research, such

as how: original salt layer thickness effects diapir evolution; initial diapir geometry evolves through

time and; diapir formation varies on different slopes, overburden strengths and tectonic regimes.
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Figure 6.18: Expected result of a three-dimensional DEM based on the two-dimensional models used within this study. The
three-dimensional study wonld allow the original geometry to be varied and made asymmetric, in order to better replicate reality. The
three-dimensional nature of the model would allow cross-sections to be extracted from different orientations which would enable the
studying of diapiric spacing and the effects on stratigraphic geometries for easier comparison to natural examples. Time slices of
various attributes (relative displacement/ structure, sedimentary thickness, landscape evolution and drainage) conld be exported, in a
similar way to attribute maps created in subsurface software. Such three-dimensional models wonld allow the salt-sediment interface
to be studied in four-dimension (i.e., throughout evolution in three-dimensions) helping to supplement existing depositional and
structural models created from subsurface and outcropping data sets. As with the two-dimensional models, the three-dimensional
model wonld be heavily adaptable to different salt geometries, overburden properties, tectonic settings, slope conditions ete.

Subsurface studies

Future subsurface studies could focus on the testing of locally-derived models on global data sets
and expanding the current study and understanding in terms of detail (comprehensive mapping of
individual geobodies), extent (additional core data) and data types (petrophysical data). Work could
involve: 1) mapping individual geobody evolution around salt structures, to understand the inter-
play between salt growth and channel/lobe migration, 2) analysing more core data to provide a
more detailed regional understanding of reservoir quality and facies associations in different spatial
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settings, 3) testing the applicability of models generated in the North Sea in other subsurface ex-
amples (e.g., Gulf of Mexico and Offshore Brazil), to see how universal relationships between
diapir spacing and stratigraphic architecture are, and 4) integrating petrophysical well data, pressure
data, and drilling data to provide quantitative estimations of reservoir producibility and variability,
and likely over-pressured units.

Mapping geobody evolution would improve the understanding of depositional element stacking
during active and quiet periods of diapir growth, and help to delineate interplay between axial and
lateral deposition. A higher resolution seismic dataset would be required, so studies would cur-
rently be limited to around hydrocarbon fields where dedicated, more permanent seismic acquisi-
tion techniques are involved (e.g., ocean bottom cable) that provide improved resolution. Access
to such data may be difficult if the surveys are proprietary.

Only five wells were analysed in the subsurface study presented here to gain a representative un-
derstanding of spatial variability, of course such relationships are complicated and many local con-
trols can influence depositional system evolution. Collecting more core data and quantitatively
evaluating this data (using similar bed statistics methods used in the Azerbaijan study (Appendix

C)), may reveal trends in axial versus lateral depositional systems and locally- versus regionally-
derived MTDs.

Whilst the North Sea data set is not as high resolution as Angolan data used recently to postulate
the different types of MTDs in salt basins (Doughty-Jones et al. 2019), it does provide a unique
opportunity to integrate well and core data into the current characterisation scheme. Understand-
ing how the applicability of confinement models produced in this study hold up globally, will help
to decipher what additional complexities need to be considered when comprehending the relation-
ship between diapir spacing and stratigraphic geometries.

Additional data sets (petrophysical, drilling, pressure etc.) would broaden the number of tech-
niques used in the study, providing validity and acting to fill the gap in scale between seismic and
core data. Applicability of this study to subsurface energy resource exploration and production
would be improved by providing porosity and permeability estimates from petrophysical data. This
could quantifiably demonstrate how reservoir quality varies and potentially deteriorates towards
diapirs, in order to reduce uncertainty when producing from deep-water halokinetically-influenced
reservoirs.

Physical modelling studies

Scaled physical models (Appendix Dj; Soutter et al. 2021) could be used to: 1) investigate the ef-
fect of including erodible topographic barriers with different geometries, such as salt-diapir-anal-
ogous mounds, 2) perform experiments with multiple confining topographic barriers on one
slope, such as two laterally confining barriers, 3) release sequential flows into the basin to assess
the stacking pattern predictions made in this study, and 4) using barriers composed of a different
sand colour to the ‘turbidity current’ to evaluate the interplay of lateral and axial deposition.
These additional experiments may help further validate many hypotheses proposed for deposi-
tion in salt-diapir influenced deep-water basins, and support observations in subsurface and out-
crop.

Performing experiments with different topographic geometries would be useful for quantifying
flow velocity around different types of structures, assessing depositional flow routing over com-
plex seafloor bathymetry and evaluating the control of topographic geometry, as well as orientation
on subsequent deposit geometry. Using two topographic barriers would allow for the hypothesis
that deep-water gravity flows are ‘funnelled’” between topographic barriers, to be tested. These
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topographic barriers could be spaced at different distances to analyse how diapir spacing influences
deposition at a bed/flow scale. Using a tracer/dye in the sand that created the topography, would
allow observations of ‘mass failures’ interaction with axial deposition (from the input pipe). This
would be advantageous in predicting MTD distribution around different types of topography and
analysing potential bedforms, facies and bed types (e.g., hybrid beds) that form on a flow scale due
to the interaction of two coeval systems.

Integrated studies

This study has benefited from its integrated approach, enabling multi-scalar observations to be
made across multiple different data types (Figure 6.10). Further attempts to integrate more data
sets to better understand the salt-sediment interface should focus on: 1) grain-scale observations
of facies, cement and reservoir quality across outcrop and cored subsurface examples to improve
quantification of reservoir quality trends, 2) utilising a quantitative approach in facies analysis (e.g.,
grain size versus bed thickness) of field and core data to create predictive stacking pattern relation-
ships, 3) combining offshore and outcrop data to understand how salt structures vary along strike
(Figure 6.20), and 4) testing field, subsurface and modelling findings developed in this study on
different data sets to comprehend their global applicability.

These approaches would add increased detail (grain/pore scale) to the study and increase its relia-
bility for use globally. Petrographic analysis of samples from the Basque-Cantabrian basin and
ECG would provide quantitative grain-scale reservoir quality information, that could be compared
between the two examples for similarities (that may be consistent across multiple deep-water halo-
kinetically-influenced basins), and local differences, enabling further understanding of halokinetic
versus allocyclic controls.

Undertaking quantitative facies analysis of these data sets (similar to the approaches used in Ap-
pendix C) would enable evaluative comparison of the data sets in terms of stacking patterns, evo-
lutionary trends and halokinetic versus allocyclic controls. Such statistics would also be useful
when comparing to different types of confined basin, or different halokinetically-influenced dep-
ositional environments.

Combining subsurface data from the Bay of Biscay (Figure 6.20; offshore Bakio), and field data
from the Bakio area could provide a unique opportunity to sufficiently improve the understanding
of sub-surface along strike variability in salt structure, and thus along strike variability in halokinetic
sequences and stratigraphic architectures. Unfortunately, because the Gaviota platform remains in
commercial use as a gas storage site (Figure 6.20) key parts of this potential data set (e.g., well data,
core data, and field scale seismic data) remain unattainable for research purposes.

Finding natural examples of the oblique physical experiment in the subsurface or field, would
enable comparison of bed scale observations and stratigraphic architecture scale (which is possible
in the Annot region for the frontal topography experiment and the Bakio region for the lateral
topography experiment). Ultimately, the only way to substantiate the conceptual and numerical
models and concepts derived from this integrated study is to test them against different data sets
(e.g., different orientations of topography, different amounts of sedimentation, different geological
evolutions, different shapes of topography, different water depths etc.).
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Ebro Basin

Gaviota underground natural
gas storage facility

Figure 6.19: Examples of seismic data from in the Bay of Biscay which is suggested to be used alongside outcrop observations to
better understand along strike variability for salt structures and balokinetic sequences. Location map from Jammes et al. (2009).
Red and yellow line locate the seismic sections shown in red and yellow boxes which are representative of the data guality and salt
structures in the two-dimensional Bay of Biscay survey. Some of this two-dimensional data set has previously been analysed by Ferrer
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et al. (2008). The commercial interest of the Gaviota gas storage site (pictured) prevents access to a more subsurface data. Seisnic

data conrtesy of TGS (Bay of Biscay Scanning 2013 seismic data).
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Chapter 7: Conclusions

This thesis has presented an integrated analysis of deep-water sediment gravity flow interaction
with active salt topography, and how this is expressed on the seafloor, in the rock record and in
numerical simulations. Field, subsurface, numerical modelling and physical experiments were used
to improve understanding of deep-water facies and architecture variability around salt structures,
plus halokinetic modulation of allocyclic architectures. These integrated methods were also used
to distinguish a multi-scalar recognition criterion for halokinetically-influenced deep-water systems
globally, across different data sets. Three key approaches were presented to address the broad aims
set out in Chapter 1, in the context of the current understanding highlighted in Chapter 2: 1) An
outcrop-based study of a deep-water depositional environment which was deposited coevally with
halokinesis (Chapter 3); 2) Two-dimensional discrete element modelling of stratigraphic architec-
ture modulation by salt growth (Chapter 4); 3) a subsurface study from a well-documented deep-
water fan which was influenced by multiple, variably-spaced salt structures (Chapter 5); the find-
ings of these three approaches were integrated to understand how and why halokinetically-influ-
enced deep-water systems differ from those in unconfined settings (Chapter 6). This has contrib-
uted to our understanding of how: sediment gravity flows and their subsequent deposits are dis-
tributed around active topography; halokinesis can modulate stratigraphy and mask allocyclic sig-
nals; facies and stratigraphic architectures vary spatially and temporally in salt basins; and how
sedimentation rates and variable confinement impact halokinetic modulation.

7.1 Interactions between deep-water gravity flows and active salt tectonics: an exposed
example from the Bakio Diapir, Basque-Cantabrian Basin, Northern Spain

Chapter 3 (Cumberpatch et al. 2021b) introduced a rare exposed example of halokinetically-influ-
enced deep-water stratigraphy in order to: 1) document lateral and vertical changes in deep-water
facies and architecture with variable amounts of salt-induced confinement; 2) document the evo-
lution of coeval deep-water axial and debrite-rich lateral depositional systems; and 3) distinguish
criteria for the recognition of halokinetically-influenced deep-water systems. Facies analysis of the
Aptian-Cenomanian stratigraphy around the Bakio diapir shows that stratigraphic variability and
juxtaposition of architectural elements in the studied basins is high and controlled by the interplay
of halokinetic, autocyclic, and allocyclic processes. Confining topography (such as the Bakio and
Guernica diapirs) is demonstrated to increase the effects of allocyclic progradation. Different types
of topography (e.g., complete or partial confinement) are demonstrated to strongly influence dep-
ositional systems, even those in close proximity. Stacked, amalgamated sandstones are observed
between two confining barriers, whereas more variable architectures are observed where only par-
tial confinement is present. This variability is due to the modulation of a broadly progradational
system by halokinetically-influenced lateral barriers and the coeval development of axial allocyclic
and lateral debrite-rich depositional systems. Temporally, following the cessation of diapir growth,
topography does not heal instantly, and the “passive” paleotopography continues to confine sub-
sequent depositional systems despite diapir inactivity. Throughout the Black Flysch Group there
are a number of indicators for active topography including: hybrid beds; remobilised strata; lateral
thickness changes over short distances; reversal in ripple cross- lamination in beds; and intercala-
tion of debrites throughout the stratigraphy. These indicators individually are not diagnostic of
salt-influenced topography, but collectively they provide a set of features that support interpreta-
tion of halokinetic modulation of a deep-water setting. Furthermore, this work has provided an
exposed example of a halokinetically-influenced deep-water system to complement the global at-
lases of other halokinetically-influenced environments, and deep-water settings influenced by
static, relatively static or absent in, topography. This study provides a useful outcropping analogue
for subsurface energy exploration and production in salt basins globally.
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7.2 External signal preservation in halokinetic stratigraphy: A discrete element

modelling approach

In Chapter 4 (Cumberpatch et al. 2021¢;d) a Discrete Element Model (DEM) was developed to
understand how sedimentation rate effects stratal geometries in salt basins experiencing diapirism,
and to test the hypothesis that halokinesis can modulate stratigraphy and mask allocyclic signals.
The chapter aimed to: 1) identify and quantify thickness variations and pinch-out geometries in a
salt-influenced depositional system; 2) investigate how halokinetic modulation of stratigraphic ar-
chitecture changes with variable syn-kinematic sedimentation rates adjacent to a dynamic salt dia-
pir; and 3) compare the results to subsurface and field analogues to test the validity of our model
predictions. Six two-dimensional numerical models were ran with different sedimentation rates
(no sediment, constant (slow, medium and fast), increasing and decreasing sedimentation rates)
and the same salt rise rate, to analyse how allocyclic signature is altered by halokinesis. In all mod-
els, laterally, a zone of ~1150 m either side of the diapir that is influenced by halokinesis is ob-
served, and beyond this zone, strata are undeformed. Unlike Finite Element Models, the DEM
used in this study are able to generate realistic salt-related faults, which account for near-diapir
deformation and act as ‘edges’ to the halokinetically-influenced zone. In all models, structural de-
formation and the extent of halokinetic influence are similar, and syn-kinematic strata, at least
initially, are isolated to either side of the diapir, thinning and onlapping towards the high. Across
all simulations, thinning is ~six times greater between the salt flank and crest, compared to the
undeformed section and the salt flank, indicating more intense deformation close to the diapir.
This modulation decreases with distance from the diapir. Thinning rate and amount of onlap de-
crease through time (up stratigraphy), showing a reduction of halokinetic modulation with in-
creased sediment thickness, as halokinetic bathymetry is ‘healed’. While the overall modulation
style close to the diapir is stratigraphic thinning, stratigraphic thickening is also observed in the
salt-withdrawal basins. This study highlights that DEM can form an integral part of the workflow
when studying salt-sediment interactions, and integrating DEM with subsurface and outcrop data
can help to reduce reservoir and trap uncertainty in subsurface energy exploration and develop-
ment. This technique can be used to test different scenarios for the development of halokinetically-
influenced stratigraphy.

7.3 How confined is confined? An investigation into the effect of diapir-induced

topographic spacing on deep-water sediment dispersal in the Eastern Central
Graben, UK

Chapter 5 uses a wealth of subsurface data and understanding from the well-studied salt-influenced
Paleocene basin floor system in the Eastern Central Graben of the UK North Sea, to study deep-
water facies and architecture distribution around diapirs, and the effects of lateral spacing of salt
diapirs on halokinetic modulation. This study compared modification of deep-water stratigraphy
between differently-spaced diapirs in the subsurface, to results of a simple two-dimensional DEM
with variably spaced diapirs, and aimed to: 1) Analyse salt-influenced deep-water facies and char-
acterise their distribution in terms of halokinetically versus allocyclically controlled; 2) compare
stratigraphic architectures between variably spaced salt structures; and 3) describe the extent of
halokinetically-modified stratigraphy between different distances of confinement. Facies analysis
in the Paleocene of the Eastern Central Graben, UK North Sea, reveals that channels and lobes
are influenced (re-routed and confined) by salt growth on a number of different scales, from cen-
timetre-scale sedimentological character in core, to kilometre-scale geomorphological attributes in
seismic. Stratigraphic thickness variations are common regardless of diapir spacing. Thickening is
observed in the salt withdrawal basin in subsurface and models, as is most common above areas
of autochthonous thinned salt. In closely spaced diapirs (<3km) a synclinal shaped minibasin de-
velops with steeply rotated flanks, reflecting diapir growth. In more widely spaced diapirs (>4km)
there is a zone between the diapirs where stratigraphy is relatively flat, forming a broad plateau.
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Between closely spaced diapirs (<3 km) the zone of halokinetic influence of one diapir is laterally
connected to the halokinetic influence of another diapir, such that the zone between the diapirs is
influenced by both structures. When diapirs are more than 4 km apart a zone of minimal defor-
mation develops. However, due to the complexity of salt basins, and therefore the presence and
variability in the early kinematic stratigraphy and salt-related faults, even these ‘minimal modula-
tion” zones are unlikely to contain stratigraphy which is completely undeformed. Therefore, sub-
surface energy prospects are likely to be influenced by subtle salt-related topography even far away
from diapirs. This study highlights the importance of integrating subsurface data with DEM to
gain a better multi-scalar understanding of the effects of diapir spacing on stratigraphic architec-
ture. This combined approach is advantageous in predicting stratigraphic geometries and haloki-
netic-influence on stratigraphy, in order to reduce reservoir and trap uncertainty in subsurface
energy exploration and development.

Overall, the novel application of the diverse dataset used in this work serves to advance under-
standing of halokinetically-influenced deep-water systems.

7.4 Controls on halokinetically-influenced deep-water successions

Mass transport deposits (MTDs) are commonly recognised in salt-influenced systems across field
and core data, and shown in spectral decomposition data to be diapirically-derived. This often
results in ‘allocyclic’ stratigraphy being intercalated with these laterally-derived debrites. The pres-
ence of MTDs is somewhat overlooked in previous models of confined deep-water settings, how-
ever regardless of their emplacement mechanism such debrites form additional rugose seafloor
topography, confining subsequent gravity flows.
Deep-water sedimentary system development is shown to be controlled by orientation, number
and proximity of topographic barriers; in flume tank experiments with flow-lateral topography
deposits being elongated and asymmetric, appearing to have experienced some degree of ‘funnel-
ling’ in agreement with observations of thick, amalgamated sandstones between diapirs in the sub-
surface and outcrops. Where two topographic barriers are present, in the field, depositional flows
were not able to radially spread and therefore thick sandstones are deposited between diapirs, by
‘braided’ channels. With only one topographic barrier, flows were able to dilute and re-route
around the topography, in similarity to sinuous channels. With flow-frontal topography deposits
exhibit a more classic “fill and spill” morphology, and flow-oblique topography causes deep-water
fan deposits to diverge. Combined subsurface and model learnings show that where diapirs are
closely spaced (<1500 m) a zone of highly deformed strata is present. By comparison, when diapirs
are widely spaced (>4500 m) a central broad plateau appears to develop between the diapirs. In
intermediately spaced diapirs (1500-4500 m) a central modulation zone between the diapirs is pre-
dicted. In these zones of ‘non-modulation’, other subsurface features, such as saddle zones be-
tween diapirs, irregular base and top salt, and smaller diapirs where growth has ceased (3*-4™ order
static or active topography) may act as additional topographic features, having a localised control
on depositional facies and architecture, however their effects are unlikely to be felt several kilome-
tres away. Outside the zone of halokinetic influence stratigraphy appear to be undeformed, and
challenging to recognise from non-deformed stratigraphy, and facies are difficult to decipher from
unconfined deep-water systems. External to the halokinetic controls outlined above, a number of
other controls are influential on the development of deep-water systems, including: larger scale
(ie., 2" order) topography (basin bounding faults), allocyclic controls on the deposition of the
deep-water system itself (sediment supply, accommodation availability, source area geometry, po-
tential ‘side fans’ etc.), tectonics and hinterland dynamics. This multi-disciplinary study has shown
the importance of understanding halokinetic (salt layer variations, diapir rise rate, salt withdrawal,
salt related faulting, MTD distribution) controls, which typically influence depositional systems
and stratigraphy within >5 km of the salt and allocyclic (tectonics, sedimentation rate, hinterland
dynamics) controls, which are extensive more regionally, when disentangling salt basin evolution.

301



7.5 Lateral and temporal variations in halokinetic modulation of stratigraphic
architectures

Across all the different techniques used in this study halokinetic modulation (the alteration of
stratigraphy by salt growth) is shown to reduce stratigraphically (with time) and laterally (with dis-
tance) from the salt structure, in agreement with outcrop and subsurface analogues globally. Halo-
kinetic bathymetry is shown to have a ‘passive’ influence on subsequent depositional systems (in-
fluencing sediment routing, but not forming diapirically-derived MTDs) until it is eventually
‘healed’. In all data sets used in this study an upwards increase in relative sedimentation rate is
associated with a decrease in halokinetic influence, and thus a ‘healing’ of diapiric topography. This
relative increase in sedimentation rate could be due to an absolute increase in sedimentation rate
(in the numerical simulations) or, in the case of many natural examples a combination of a reduc-
tion in salt supply due to welding (causing diapir rise rate to reduce relative to sedimentation rate)
and an increase in absolute sedimentation rate.

7.6  Criterion for the recognition of halokinetically-influenced deep-water systems

Recognition criterion for deep-water halokinetically-influenced settings includes: multiple direc-
tions of ripple lamination, injectites, fluidisation structures, presence of hybrid beds, range of MTD
types, and abrupt juxtaposition of deep-water depositional facies and MTDs. Stratigraphy which
thin towards and in some cases eventually pinch out or abut against salt topography suggest the
presence of a mobile topographic high during deposition. Lateral variability in thinning rates, and
drastic thinning to termination (pinch out) across two-dimensional data sets can be diagnostic of
the presence of salt. Stratigraphy can also be seen to thicken into, and sometimes be confined to,
deposition lows created by salt withdrawal, which are common at the base of salt topography.
Aside from thickness variations, other characteristics that can identify salt-influenced stratigraphy
include rotated, and often overturned, strata. Compared to similar depositional environments that
are not influenced by topography, stratigraphy is highly modulated and deformed, mass transport
deposits are commonly derived from diapirs, and facies are heterogeneous and spatially variable in
deep-water salt-influenced settings. Therefore, hierarchical schemes, fan geometries, sub-environ-
ment distribution, and facies models developed in unconfined deep-water systems, must be used
with caution, or adapted for use in halokinetically-influenced settings.

7.7 Comparison to other salt, or topographically influenced basins

Halokinetically-influenced deep-water systems are fundamentally similar to the other topograph-
ically-influenced (e.g., rift, fold and thrust belt or mass transport deposit) deep-water systems in
that MTDs, onlap, facies changes and stratigraphic thickness variations are common. The interplay
of two distinct depositional systems (axial and lateral) is also common in deep-water environments
influenced by different types of topography. The distinguishing feature of salt-topography in deep-
water environments, as opposed to other types of topography, are debrites-derived from the salt
structure, the presence of halokinetic sequences, radial bedding orientations and dramatic increases
in bedding dip and thinning rates laterally towards the topography. The consistency of observa-
tions in a deep-water halokinetically-influenced setting and previously described halokinetically-
influenced settings suggests that the criteria for recognising halokinetically-influenced systems
(e.g., pinch out, onlap, stratigraphic thickness variations, variations in facies and facies distribu-
tions, and unconformities) is similar regardless of depositional environment, suggesting that halo-
kinetic controls are central to stratigraphic architecture and evolution modulation. Multiple direc-
tions of ripple lamination, presence of hybrid beds, range of MTD types (particulatly slumps con-
taining remobilised thin-bedded sandstones), and abrupt juxtaposition of deep-water depositional
facies can be used to specifically identify deep-water stratigraphy influenced by salt tectonics. Due
to their long-lived sub-aqueous nature, deep-water halokinetically-influenced basins are unlikely to
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contain remobilised anhydrite or halite, which are diagnostic of sub-aerial halokinetically-influ-
enced environments.

Opverall, integrating modelled stratal architectures and depositional facies observations from ex-
humed halokinetically-influenced settings globally is recommended as a useful workflow for build-
ing the sub-seismic geology into subsurface energy reservoir models for salt basins. This can help
to reduce uncertainty of reservoir quality and stratigraphic trap prediction around salt structures.
Integrated, cross-discipline working and thinking has helped to increase understanding of how
halokinetically-influenced deep-water systems differ from their unconfined counterparts, and what
controls these differences. Observations from multiple scales and types of data have been shown
to bridge knowledge gaps that exist when using only one data type or scale. Utilising all available
data, and employing multi-scalar workflows is recommended when disentangling halokinetic from
allocyclic controls salt basins.

7.8 Summary

The key take home messages presented in this thesis are:

e The integration of these diverse techniques allows for the spatial and temporal
distribution of deep-water facies and architectures in salt-influenced basins to be
recognised.

e Deep-water depositional systems are influenced by salt growth across all scales, from
centimetre-scale sedimentological characteristics identified in core and outcrop, to
kilometre-scale geomorphological attributes visible in seismic data.

e Axially-derived deep-water depositional systems are heavily modified by laterally
impinging mass transport deposits formed in response to salt-controlled topographic
growth of the sea bed.

e Recognition criteria for deep-water halokinetically-influenced settings include: multiple
directions of ripple lamination, a range of MTD types, bedding orientation and thickness
variations and abrupt juxtaposition of deep-water depositional facies and MTDs.

e Halokinetically-influenced processes including re-routing and ‘“funelling’ of gravity flows
and rotation, thinning and termination of stratigraphy are scale independent and scalable.

e Thinning rates are up to six times greater within 350 m of a salt diapir, compared to
further afield.

e Stratigraphy between closely (<3 km) spaced diapirs is more highly deformed than
stratigraphy between widely (>3km) spaced diapirs.

e In halokineitcally-influenced deep-water successions the dominant controls are often
allocyclic (external), but these successions are heavily influenced by halokinesis (salt
growth) which drives autocyclic (internal) modulation of the primary depositional signal.
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Supplementary Material

Effect of different roof thicknesses

300 m roof thickness (20% of overall thickness)
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Supplementary Figure 1: Multiple modelling scenarios with various roof thicknesses and initial diapir widths used to refine
initial parameters. The model described in this study, initially has a 450 m roof thickness and a 750 m wide diapir.

Supplementary Table 1: Summary of geological and mechanical parameter values used in the DEM in this stud.

ness

Property Modelled value Justification

Salt

Young’s modulus | 3.65 Gpa Previous experiments (Liang et al. 2012; Pichel et al. 2017;2019) use similar val-

(E) ues.

Poisson’s ratio () | 0.33 This value was used by Pichel et al. (2017; 2019), and corresponds to natural ex-
amples (Jackson and Hudec 2017).

Density (o) 2.22 gem?? Slightly higher density than pure halite (2.16 gcm™) to account for heterogeneity
within the diapir. Similar value used by Fuchs et al. (2011) and Pichel et al.
(2017;2019)

Viscosity () 1.1 x 10° Pass The same value used by Pichel et al. (2017;2019), lower than the real world vis-
cosity (101718 Pa.s) but provides a reasonable approximation compared to physi-
cal models (10* Pa.s)

Breaking separa- 0.001 An approximation of the mechanical behavoir of rock-salt is achieved by reduc-

tion (BS) ing the breaking separation of particles representing salt to the point that they
exhibit viscous plastic macroscopic behaviour during deformation. Biaxial com-
pression tests conducted by Pichel et al. (2017) show that rocks with a breaking
separation of 0.001 react with a non-localized and pervasive breaking of bonds,
and generate a linear and horizontal response with insignificant elastic compo-
nent, representative of ductile viscous-plastic materials that accumulate strain
without significant variations in stress. Such characteristics are therefore capable
of representing rock salt.

Source layer thick- | 150 m Layers below 100 m are thought to be insufficient for significant salt flow (Jack-

son and Hudec 2017).
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Original height 1050 m A wide range of diapir heights are observed in nature, this value is 70% of the
initial total overburden thickness (1500 m) and thus satisfies the simple force
balance conditions for diapiric rise proposed by Schlutz-Ela et al. (1993)

Original width 750 m A wide range of diapir width are observed in nature, width is similar to Pierce
diapirs (Davison et al. 2000).

Rise rate 0.023 mm a! Dependent on diapir type and emergence rates can vary from 0.0008-3000 mm
a’! (Jackson and Hudec 2017). 0.023 mm a-! is the rise rate of the buried crest of
North Pierce (Davison et al. 2000).

Early diapiric

sequence (over-

burden)

Young’s modulus | 6.75 Gpa Similar value used by Pichel et al. (2017;2019).

®)

Poisson’s ratio () | 0.22 Similar value used by Hamilton-Wright et al. (2019).

Density (o) 2.4—2.6 gcm3 Density increases linearly with depth, to simulate natural conditions, values are
typical for siliciclastic sedimentary rocks and those used in recent models (Pichel
et al. 2017;2019).

Breaking separa- 0.023-0.027 Breaking separation increases linearly with depth, to simulate an increase of

tion (BS) strength due to compaction with depth. Similar values used as overburden in
compression and extensional settings (Finch et al. 2003; 2004) and halokinetic
settings (Pichel et al. 2017;2019). Finch et al. (2004) use biaxial compression
tests showing the formation of well defines fault segments, typical for brittle
materials at similar breaking separations.

Thickness 450 m Very thick roof thicknesses may retard halokinesis (Jackson and Hudec 2017).
This value accounts for 30% of the initial model thickness, thus satisfying the
simple force balance conditions for diapiric rise proposed by Schlutz-Ela et al.
(1993).

Syn-kinematic

sedimentation

Young’s modulus | 5 GPa Similar value used by Pichel et al. (2017;2019).

(E)

Poisson’s ratio (») | 0.20 Similar value used by Hamilton-Wright et al. (2019).

Density (o) 2.3 gem? Typical value for uncompacted sedimentary material, similar values used in re-
cent numerical models (Pichel et al. 2017;2019; Hamilton-Wright et al. 2019).

Breaking separa- 0.023 Similar values used by Pichel et al. (2017; 2019) to model syn-kinematic sedi-

tion (BS)

mentation in compressional salt tectonic settings.

Sedimentation
rate

0.15 - 0.45 mm a’!

Sedimentation rates are wide ranging and can span 11 orders of magnitude, de-
pending on depositional environment. Values chosen are similar to Cenozoic
depositional rates in the North Sea (de Haas et al. 1996) and recent models
(Fuchs et al. 2011; Hamilton-Wright et al. (2019).
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Appendix B: Halokinetic modulation of sedimentary thickness and
architecture: a numerical modelling approach

Cumberpatch, Z A., Finch, E., Kane, 1. A., Pichel, .M., Jackson, C.A-L., Kilhams, B.A., Hodgson, D.M.,

and Huuse, M., accepted, Halokinetic modulation of sedimentary thickness and architecture: a numerical model-
ling approach: Basin Research, accepted, in press, available online.
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Supplementary Material
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Supplementary Figure 1: Explanation of diapir growth, syn-kinematic folded roof and early diapiric folded roof meas-
urements shown in Table 4.2, and described within the text. Diagram is based on M3, and terms are consistent across all
models.
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Supplementary Figure 2: Static image of element displacement relative to initial neighbours for all models at 4.6 Myr. Cold
colours represent elements that are in contact with their original neighbonr and hot colonrs suggest bigh displacement. This is used
to show discontinuities and is a proxy for fault location. Note how the majority of the internal salt has remained in connection with
its original neighbouring element, and the radial fanlts associated with salt withdrawal. The maximum displacement shows the
relative movement of the salt to the neighbouring overburden and the high mobility of layers in close proximity to the diapir. An
apparent lack of deformation is observed outside of the halokinetically deformed zone. Deformation in sediment is shown over the
crest and in the flank region of each model (see Figure 4.7 for locations of these areas). Outside of these areas, less deformation is
observed in the overburden, suggesting neighbonrs have remained in contact and overall packages have been rotated (consistent with
bedding). Displacements relative to initial neighbonr in the sedimentary sequence appear lower than the early diapiric overburden,
because the overburden has been deforming for 4.6 Myr, while the sediment has only been deforming for 2.4 Myr. See Spence and
Finch (2014) for further details on relative displacement from initial neighbonr.
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Supplementary Figure 3: Stratigraphic logs of the cored wells used in the Eastern Central Graben study. These logs were
used to generate the pie charts in Fignre 5.7. All cores were logged at the British Geological Survey.
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Supplementary Table 1: Summary of geological and mechanical parameter values used in the DEM in this study and a jus-

tification for their use.

Property Modelled value Justification

Salt

Young’s modulus | 3.65 GPa Previous experiments (Liang et al. 2012; Pichel et al. 2017; 2019) use similar val-

(E) ues to represent rock salt (halite)

Poisson’s ratio (») | 0.33 This value was used by Pichel et al. (2017; 2019), and agrees with examples
(Jackson and Hudec 2017) for salt diapirs primarily composed of halite.

Density (o) 2.22 gcm™ Slightly higher density than pure halite (2.16 gcm) to account for heterogeneity
within the diapir. Similar value used by Fuchs et al. (2011) and Pichel et al.
(2017;2019)

Viscosity (W) 1.1 x10° Pa.s The same value used by Pichel et al. (2017;2019), lower than the real world vis-
cosity (101718 Pa.s) but provides a reasonable approximation compared to physi-
cal models (104 Pa.s)

Breaking separa- 0.001 An approximation of the mechanical behavoir of rock-salt is achieved by reduc-

tion (BS) ing the breaking separation of particles representing salt to the point that they
exhibit viscous plastic macroscopic behaviour during deformation. Biaxial com-
pression tests conducted by Pichel et al. (2017) show that rocks with a breaking
separation of 0.001 react with a non-localized and pervasive breaking of bonds,
and generate a linear and horizontal response with insignificant elastic compo-
nent, representative of ductile viscous-plastic materials that accumulate strain
without significant variations in stress. Such characteristics are therefore capable
of representing rock salt.

Source layer thick- | 150 m Layers below 100 m are thought to be insufficient for significant salt flow (Jack-

ness son and Hudec 2017).

Original height 1050 m A wide range of diapir heights are observed in nature, this value is 70% of the
initial total overburden thickness (1500 m) and thus satisfies the simple force
balance conditions for diapiric rise proposed by Schlutz-Ela et al. (1993)

Original width 750 m A wide range of diapir width are observed in nature, width is similar to Pierce
diapirs (Davison et al. 2000).

Rise rate 0.023-0.028 mm a'! Dependent on diapir type and emergence rates can vary from 0.0008-3000 mm
a’! (Jackson and Hudec 2017). 0.023 mm a-! is the rise rate of the buried crest of
North Pierce (Davison et al. 2000).

Spacing of dia- 1500m — 9000 m Chosen for comparison to seismic data used within this study, and natural

pirs examples presented elsewhere (Mayall et al. 2006; Giles and Rowan 2012;
Carruthers et al. 2013; Jackson and Hudec 2017).

Early diapiric

sequence (Pre-
kinematic/ over-
burden stratigra-

phy).

Young’s modulus | 6.75 GPa Similar value used by Pichel et al. (2017; 2019) for moderately-deeply buried

(E) sedimentary rocks

Poisson’s ratio () | 0.22 Similar value used by Hamilton-Wright et al. (2019) to represent pre-kinematic
siliciclastic layers.

Density (o) 2.4-2.6 gem Density increases linearly with depth, to simulate natural conditions, values are
typical for siliciclastic sedimentary rocks and those used in recent models (Pichel
et al. 2017;2019).

Breaking separa- 0.023-0.027 Breaking separation increases linearly with depth, to simulate an increase of

tion (BS) strength due to compaction with depth. Similar values used as overburden in
compression and extensional settings (Finch et al. 2003; 2004) and halokinetic
settings (Pichel et al. 2017;2019). Finch et al. (2004) use biaxial compression
tests showing the formation of well defines fault segments, typical for brittle
materials at similar breaking separations.

Thickness 450 m Very thick roof thickness may be inappropriate for halokinesis to occur (Jackson

and Hudec 2017). This value accounts for 30% of the initial model thickness,

thus satisfying the simple force balance conditions for diapiric rise proposed by
Schlutz-Ela et al. (1993).

Syn-kinematic
sedimentation
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Young’s modulus

()

5 GPa

Similar value used by Pichel et al. (2017; 2019) to represent pootly-compacted
sedimentary rocks.

Poisson’s ratio () | 0.20 Similar value used by Hamilton-Wright et al. (2019) to represent syn-kinematic
layers.

Density (o) 2.3 gcm Typical value for uncompacted sedimentary material, similar values used in re-
cent numerical models (Pichel et al. 2017;2019; Hamilton-Wright et al. 2019).

Breaking separa- 0.023 Similar values used by Pichel et al. (2017; 2019) to model syn-kinematic sedi-

tion (BS) mentation in compressional salt tectonic settings, and by Finch et al. (2003;
2004) in extensional and compressional deformation zones.

Sedimentation 0.15—-0.45 mm a’! Sedimentation rates are wide ranging and can span 11 orders of magnitude, de-

rate pending on depositional environment (Sadler 1981). Values chosen are similar
to Cenozoic depositional rates in the North Sea (de Haas et al. 1996) and North
Atlantic (Whitman and Davies 1979) and recent models (Fuchs et al. 2011;
Hamilton-Wright et al. (2019).

Supplementary Table 2: Comparison of stratigraphic thinning across different stratigraphy approaching north Pierce diapir
(Figure 4.14). Packages are compared to a specific sedimentation event in a specific model, e.g., the Mid-Miocene — Pleistocene is
perbaps analogons to the final sedimentary sequence (§3) in the increasing sedimentation model. Percentage thinning and normal-
ised thinning rates (Yo/ m) are shown for U-C (Undeformed to Crest), U-F (Undeformed to Salt Flank) and F-C (Salt Flank to
Crest). The positions of the U, I, and C stratigraphic profiles are spaced at the same distance as in modelled excamples (Figure
4.7). In layers which do not extend across the entire model no results exist for U-C and F-C. An average seismic velocity of 2000
m/ s was used for approximate depth conversion of the time-migrated seismic data for thinning rate calenlations, we are aware this
is an over simplification of seismic velocity, which varies with depth and lithology however it is suitable to give a comparison to mod-
elled values. Colours subdivide different stratigraphy, and relate to Figure 4.14.

Stratigraphy U-C (%) U-C (%/m)
Top Cretaceous- - -
Top Lista [M2,
S1)
Top Lista — Tay - -
[M2, S2]
Tay-Eocene - -
[M2, S3]
Eocene — Oligo- - - 16.3
cene [M3, S1]
Oligocene —
Mid-Miocene
[M3, S2]
Mid-Miocene —
Pliocene [M3,
S3]

Top Cretaceous - -
— Eocene [M5,
S1]
Eocene — Mid- 88
Miocene [M5,
S2]
Mid-Miocene —
Pleistocene [M5,

U-F (%)
51.4

U-F (%/m) | F-C (%) | F-C (%/m)
0.044 - -

35.2 0.031 - -

21.3 0.019 - -

0.014 - -

65.4 0.044 9.5 0.008 55.9 0.16

48.9 0.033 27.9 0.024 21 0.06

16.8 0.014 - -

0.059 18.4 0.016 70 0.20

17.8 0.012 10 0.009 7.9 0.023
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Appendix C: Evolution of a mixed siliciclastic-carbonate deep-marine
system on an unstable margin: the Cretaceous of the Eastern Greater

Caucasus

Cumberpatch, Z.A., Soutter, E.L., Kane, 1. A., Casson, M., and V'incent, S.]., 2020, Evolution of a mixed
siliciclastic-carbonate deep-marine system on an unstable margin: the Cretaceons of the Eastern Greater Cancasus,

Agzerbagjan. Basin Research, v. 33 (1), p. 612-647.
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Appendix D: The Influence of Confining Topography Orientation on
Experimental Turbidity Currents and Geological Implications

Soutter, E.L., Bell, D. Cumberpatch, Z.A., Ferguson, R.A., Kane, [ A., Spychala, Y. T., and Eggenbuisen, |.

2021, Th