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Pre-existing complex palaeobathymetry often plays a key role in the spatial-temporal distribution and character
of deepwater sedimentary systems. Particularly in deep-marine fan systems where their spatial-temporal asso-
ciation with complex syn-depositional palaeobathymetry have been widely investigated. When present in deep-
marine settings, complex palaeobathymetry is known to affect flow-type, flow direction, and resultant fan dis-
tribution, which ultimately leads to atypical reservoir rock distribution. By contrast, far fewer studies explore the
influencing controls of palaeobathymetry on deep-lacustrine sedimentary systems. This is important to investi-
gate as deep-lacustrine basins have quite different allogenic and autogenic controls on flow types and resultant
fan systems and fan lobes, which varies through different stages of basin configuration. To address this
knowledge gap, this study documents and characterises a suite of deep-lacustrine sedimentary systems imaged in
high-quality 3D seismic data from the rift-sag transitional and early post-rift phases of the North Falkland Basin,
Falkland Islands. A range of multi-scalar seismo-geomorphological features are identified, including super sys-
tems, fan systems, fan lobes, and channel elements. The influence of palaeobathymetry on flows and resultant
sedimentary features is evidenced by frontal and lateral structural confinement at the super system scale, and
lateral confinement plus fan/flow deflection at the fan system, fan, and lobe scale. Offset stacking and
compensational lobe-scale stacking geometries are developed in response to the type and scale of confinement.
Palaeobathymetry, created as depositional relief by preceding fan deposits, is shown to progressively influence
flow types and resultant spatial distribution of ensuing sedimentary systems. During periods of basin-fill where
encircling palaeobathymetry ultimately controlled super system scale distribution, the ponding of flows and
resultant fan features against intra-basinal highs formed thick packages of potentially coarse-grained sediments.
As the basin filled-up and encircling topography exerted less control on super system scale distribution, flows
were able to surmount the intra-basinal highs, leading to flow stripping processes. The combination of ponding
and flow stripping processes resulted in the deposition and preservation of coarse-grained sediments immediately
behind or on top of intra-basin structures. The results of this study provide key insights into the interaction of
deep-lacustrine sedimentary systems and complex palaeobathymetry, which ultimately influences reservoir
distribution.

1. Introduction passive margins (Prather, 2003; Adeogba et al., 2005; Albertao et al.,

2011; Oluboyo et al., 2014), and rift basins or extensional settings

Confined and partly confined deepwater sedimentary systems are an
important topic in siliciclastic sedimentary research (Winker, 1996;
Prather et al., 1998; Lomas and Joseph, 2004; Cunha et al., 2017; Bell
et al., 2018; Tagliaferri et al., 2018; Soutter et al., 2019). These systems
form in a range of basin settings, including foreland basins (Kneller and
McCaffrey, 1999; Mutti et al., 2009; Bayliss and Pickering, 2015; Tin-
terri and Tagliaferri, 2015), subduction zones (Pickering et al., 1992),
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(Gervais et al., 2004; Covault and Romans, 2009). Several distinct types
of confinement exist, with a wide variety of classification systems.
Deepwater systems can be ‘unconfined,” (Shanmugam and Moiola,
1988; Normark et al., 1993; Lee et al., 1996; Posamentier and Kolla,
2003; Haughton et al., 2003; Fildani and Normark, 2004; Hodgson,
2009; Brunt et al., 2013) or ‘confined’ (Winker, 1996; McCaffrey and
Kneller, 2001; Sinclair and Tomasso, 2002; Lomas and Joseph, 2004;
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Covault and Romans, 2009; Marini et al., 2016a,b; Cunha et al., 2017;
Tokes and Patacci, 2018). Other schemes recognise ‘confined and con-
tained,” ‘confined and uncontained,” and ‘unconfined and uncontained’
categories (Smith, 1995; Southern et al., 2015). Confinement is
multi-scalar, occurring at the basin scale, super system scale (multiple
fan systems; Booth et al., 2003; Gervais et al., 2004; Li et al., 2010;
Southern et al., 2015), through to the individual flow scale (Pickering
and Hilton, 1998; Sinclair, 2000; Haughton, 2000; Sinclair and Tom-
asso, 2002; Amy et al., 2004; Gervais et al., 2004; Hodgson and
Haughton, 2004; Smith and Joseph, 2004; Amy et al., 2007; Bersezio
et al., 2009; As et al., 2010; Etienne et al., 2012; Yan and Kim, 2014;
Marini et al., 2015; Spychala et al., 2017; Dodd et al., 2019). Pre-existing
palaeobathymetry can influence flow pathways of turbidity currents,
thereby providing control upon the loci of coarse-grained deposition in
sedimentary basins (Gee et al., 2001).

The sedimentary products of confined or ponded deepwater systems
contrast with their less confined or unconfined counterparts (sensu
Soutter et al., 2019). Ponded systems are shown to comprise more
sheet-like depositional elements, and these are susceptible to mud-cap
deposition and preservation (Fonnesu et al., 2016, 2018; Haughton
et al., 2009; Talling, 2013; Patacci et al., 2014, 2020; Marini et al.,
2016a,b; Southern et al., 2017; Tokes and Patacci., 2018). This contrasts
with deposits formed within unconfined fan settings, which tend to be
heterogeneous and more likely to form sand-prone channelised systems
(Brunt et al., 2013; Lomas and Joseph, 2004; Terlaky and Arnott, 2016;
Fallgatter et al., 2019). Sedimentary deposits formed under the influ-
ence of both frontal and lateral confinement have been modelled
experimentally (Simpson, 1987; Al Ja’Aidi et al., 2004; Amy et al., 2004;
Baas et al., 2004; Hamilton et al., 2017; Dorrell et al., 2018; Soutter
et al., 2021). The effects of basin confinement upon the contained
sedimentary systems fundamentally influences the character of the
sediments deposited within them (Mutti and Normark, 1987; Amy and
Talling, 2006; Davies et al., 2009; Kane et al., 2010; Straub and Pyles,
2012; Southern et al., 2014; Spychala et al., 2017; Soutter et al., 2019).
Deepwater fan systems are known to form good-quality clast reservoir
lithologies, which are particularly attractive when they drape over
structural features (Drinkwater and Pickering, 2001; Gardiner, 2006;
Chen et al., 2009; Li et al., 2014). Therefore, the effects of confinement
on sedimentary systems are important to consider when exploring for
conventional clastic reservoirs within deepwater petroleum systems
(McCaffrey and Kneller, 2001; Posamentier and Kolla, 2003; Zhang
et al., 2015).

Previous studies have focussed on confined systems in deep-marine
settings, and in-particular on structurally complex regions such as
intra-slope, terraced, or stepped margins (Prather et al., 1998; McHar-
gue et al., 2011; Moscardelli et al., 2012), and in diapiric settings
(salt/mud diapirs; Winker, 1996; Prather et al., 1998; Hansen et al.,
2017). In-contrast, comparatively few studies examine the effect of
confinement on deep-lacustrine sedimentary systems, which typically
form in rift and failed-rift basin settings (Scholz et al., 1990; Ravnas and
Steel, 1998; Soreghan et al., 1999; Corella et al., 2016; Xian et al., 2018).
In terraced settings, sand often becomes trapped within lows along
terraced margins, which preserves the relict conduits of sedimentary
channel systems that feed the basinally-located lobe-dominated areas
(Stow and Johansson, 2000; Carvajal and Steel (2009); Jobe et al.
(2017). The basin geometries and overall structural configurations
within deep-lacustrine settings display multiple types and scales of
confinement (Gawthorpe and Leeder, 2000; Zhang and Scholz, 2015;
Chen et al., 2020). Furthermore, deep-lacustrine settings have a range of
internal and external controls on sedimentation and accommodation
space. Chiefly, they lack a sustained oceanic connection and are instead
more influenced by precipitation plus evaporation related to
local-regional climate. Additionally, as deep-lakes tend to form in as-
sociation with rift tectonics, there is a dynamic interaction between the
in-draining sedimentary systems and the influence of contemporaneous
faulting and accommodation space generated (Soreghan et al., 1999; Xu
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et al., 2018; Dodd et al., 2019; Zhang et al., 2019; Sun et al., 2020).

To provide insights into the character and controls on palaeobathy-
metrically influenced deep-lacustrine fan systems, this study examines a
suite of 3D seismic data from the Western Graben of the North Falkland
Basin (NFB), Falkland Islands. The NFB represents an example of a rift-
basin system, whose rift-sag transitional to early post-rift phase sedi-
mentary fill comprises deep-lacustrine fan systems. Through this anal-
ysis, this study addresses the following key questions.

i. What are the key sedimentary units in the Western Graben of the

NFB at the super system, fan system, and fan lobe scale?

ii. What are the key structural features and how did they influence
sedimentation?

iii. What are the distribution and thickness trends of deep-lacustrine
fan systems in the Western Graben?

iv. What are the key internal seismo-geomorphological architectures
within confined deep-lacustrine fan systems and fan lobes?

v. What are the types and scales of confinement, and how does it
influence observed internal seismic morphologies?

Deep-lacustrine fans form key reservoir facies in numerous basins
worldwide, such as the Barmer Basin in India (Dolson et al., 2015;
Chatterjee et al., 2019), the NFB (Richards et al., 2006; Williams, 2015;
Dodd et al., 2019, 2022), and the Ordos Basin (Xian et al., 2018).
Therefore, through answering these key questions this study contributes
to the improved understanding of deep-lacustrine systems.

2. Geological setting

The NFB represent one of four Mesozoic-aged offshore sedimentary
basins that surround the Falkland Islands (Fig. 1). The first phase of
basin formation is thought to be related to the break-up of Gondwana,
with rifting initiating in the mid-late Jurassic (Richards et al., 1996a, b;
Richards and Hillier, 2000; Stanca et al., 2019), resulting in a series of
NW-SE trending grabens collectively known as the Southern North
Falkland Basin (SNFB; Lohr and Underhill, 2015). The central and
northern parts of the NFB record a later phase of rifting during the late
Jurassic to earliest Cretaceous, which formed a series of N-S trending
grabens that bisect the earlier trend (Richards et al., 1996a, b; Bransden
et al., 1999; Richardson and Underhill, 2002; Lohr and Underhill, 2015).
The second rifting phase was followed by a thermal sag phase initiating
in the Berriasian/Valanginian (Richards and Hillier, 2000). The envi-
ronment of deposition throughout the sag phase was predominantly
continental and deep-lacustrine until Albian-Cenomanian times, when
the basin began to develop increasingly marine conditions (Richards
et al., 1996a, 1996b; Richards and Fannin, 1997; Richards and Hillier,
2000).

The Eastern Graben forms as a deep half-graben, with a series of
north-south trending faults that define its eastern margin (Richards
et al., 19964, b; Richards and Fannin, 1997; Richards and Hillier, 2000;
Lohr and Underhill, 2015). These westward-dipping normal faults
influenced sedimentation through the creation of accommodation space
(Lohr and Underhill, 2015; Dodd et al., 2019; Plenderleith et al., 2022).
The Eastern Graben has been the focus of hydrocarbon exploration ef-
forts, with hydrocarbon discoveries within deep-lacustrine turbidite
fans, including Sea Lion (Fig. 1), Casper, Beverley, and Zebedee (Mac-
Aulay, 2015; Williams, 2015; Dodd et al., 2019, 2022), as well as the
fans of the Isobel Embayment (Plenderleith et al., 2022).

This study focusses on the Western Graben, which forms as a shal-
lower depocenter located to the west of the Eastern Graben. The Western
and Eastern grabens are separated by the Orca Ridge, which is a north-
south trending intra-basinal high (Figs. 1 and 2). The Western Graben is
¢. 50 km wide and 200 km long N-S striking half-graben, containing c.
2-4 km of sedimentary fill. It displays an eastward-thickening asym-
metric profile towards the Orca Ridge (Fig. 2) and a southerly-deepening
and widening overall basin geometry (Fig. 1). The Western Graben
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Fig. 1. The structural configuration of the North Falkland Basin, underlain by Bouguer gravity data. The area of interest for this study is highlighted by the white
polygon. The blue polygon represents the extent of the merged 3D ‘Company Composite’ seismic volume. Modified fault lines are in black (from Richards et al.
1996b; Lohr and Underhill, 2015). Grey and green circles represent drilled exploration wells. The underlying Bouguer gravity anomaly map is filtered to wavelengths
<100 km (data from Sandwell et al., 2014; modified from McCarthy et al., 2017). Top left inset image is a geological map of the offshore areas around the Falkland
Islands (modified after Jones et al., 2019); the red box highlights the location of the main figure. WG: Western Graben; WGS: Western Graben Splay. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

exhibits large bounding faults at both its eastern and western margins,
and shallows towards the west against the Western Flank basement high.
The Western Graben branches into two shallower half-grabens in the
north (the Western Graben and Western Graben Splay), which are
separated by the northern continuation of the Orca Ridge (Jones et al.,
2019). A pre-rift succession of likely Devonian-aged sediments was
encountered in well 14/09-1 on the Orca Ridge (Richards and Hillier,
2000), which intersected a footwall to the main basin bounding fault.
Eight tectonostratigraphic units have been identified, including pre-
rift, early syn-rift, late syn-rift, rift to sag transition, early post-rift,
middle post-rift, late post-rift, and a post uplift sag phase (Richards

and Hillier, 2000). The rift to sag transition, early post-rift, and middle
post-rift are sub-divided into LC1-LC7 (Fig. 3; Richards and Hillier,
2000). Fluvio-lacustrine deposition was dominant in the early to late
syn-rift, with a more-permanent lake developed during rift to sag tran-
sition to early post-rift times (Richards and Hillier, 2000). During the
early post-rift, a southwards progradation of deltaic clinoforms, as well
as concomitant margin-fed fan input into the lake (Richards et al., 2006;
Williams, 2015; Dodd et al., 2019, 2022). A subsequent transgression
resulted in the establishment of fluvio-lacustrine conditions by middle
post-rift times, followed by marginal marine environments during the
late post-rift, with permanent marine conditions developed in the Upper
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Fig. 2. A west-east oriented geoseismic section, including data from the merged 3D seismic volume, showing a typical cross-section profile both the Eastern and
Western grabens of the North Falkland Basin. The section is sub-divided into eight coloured packages, which represent the main tectono-stratigraphic sub-units, as
illustrated in the stratigraphic chart (Fig. 3), as well as the basement. Contains seismic data © Falkland Islands Government. All rights reserved.

Cretaceous. An ensuing period of Palaeogene regional uplift was fol-
lowed by second thermal sag phase during the Cenozoic and associated
deposition of marine and deltaic sediments (Richards and Hillier, 2000).

3. Methods and datasets
3.1. Well data analysis and correlation

Little well data exists from the Western Graben, with well 14/13-1
located on the Minke High to the south of the study area representing
the only well to intersects the upper part (early post-rift) of the stra-
tigraphy (Fig. 1). This well targeted a tilted fault block and encountered
a thin post-rift section, which can be correlated over the Orca Ridge into
the Eastern Graben. Nearby wells 14/09-1 and 14/09-2 were drilled the
Orca Ridge to the east of the Western Graben (Fig. 1). Consequently,
most of the known stratigraphy included in this study is constrained
using well information and interpreted stratigraphical markers corre-
lated from a suite of wells drilled in the Eastern Graben, and in-
particular those around the Sea Lion area (Fig. 1). Several of these
wells cored the Sea Lion Fan, providing significant geological insight
into post-rift basin stratigraphy and the geology of these potentially
analogous deep-lacustrine turbidite fan deposits (Williams, 2015; Dodd
et al., 2019; Dodd et al., 2020; Dodd et al., 2022).

3.2. Seismic interpretation

This study utilises >4500 km? of full-stack 3D seismic reflection
data, which consists of several merged seismic surveys acquired between
2007 and 2011 (Fig. 1). The volume underwent Kirchhoff pre-stack time
migration, spectral whitening processing, and is displayed as zero
phased to European (SEG reversed) polarity. This 3D volume displays
high-quality, laterally continuous, seismically-bright reflectors down to
c. 3.5 s two-way-travel time (TWTT), below which data quality reduces
(Fig. 2).

The seismic interpretation workflow focussed on identifying the
main faults and developing a structural framework for the Western
Graben. Regional reflectors were identified across the NFB (Figs. 2 and
3) and were tied to existing wells in the Eastern Graben. Five seismic
horizons were mapped, including ‘Base LC1’, “Top LC1’, ‘Top LC2’, ‘Intra
LC3’ and ‘Top LC3’, which define the rift to sag transition and early post-
rift packages (Fig. 3).

Previous studies using the same 3D seismic volume in the Eastern
Graben interpreted increases in acoustic impedance (peaks) as repre-
senting sandstone-prone lithologies at the depth of the reservoir interval

(Bunt, 2015). However, a reversal in top sandstone reflection polarity
was identified at shallower levels of 1.2-2.2s TWTT, related to a tran-
sition from soft to hard impedance (Bunt, 2015). Consequently, as much
of rift to sag transition and early post-rift in the Western Graben is within
the window between 1.5 and 2.5s TWTT (Fig. 2), seismic picks have
been made on troughs, with the seismically-brighter areas interpreted as
representing potential sandstone-prone regions. An exception is made
for the ‘Base LC1’ horizon, which is largely below 2.2s TWTT and is
therefore interpreted as a peak. The seismic mapping led to the identi-
fication of basin depocentres and basin highs within the Western Graben
(Figs. 4-13). Three additional horizons above the zone of interest were
mapped regionally to permit depth conversion.

Horizons were gridded into surfaces at 50 m increments. Averaged
interval velocities were applied between each surface, which were ob-
tained from vertical seismic profiles in nearby wells (Fig. 1), creating a
layer-cake velocity model for depth converting the time structure sur-
faces. Isopach maps were generated for the LC1, LC2, lower LC3, and
upper LC3 intervals (Fig. 4).

3.3. Seismic attribute analysis: amplitude, variance, and spectral
decomposition

Two types of amplitude extraction were performed: maximum
amplitude, which measures the largest positive reflectivity within a time
window; and Root Mean Squared (RMS) amplitude, which calculates the
largest average value of amplitude reflectivity. Changes in response to
seismic amplitude can be related to variations in lithology or fluid-fill in
the subsurface (Chopra and Marfurt, 2005). On this basis, a general
assumption is made that higher amplitudes represent sand-rich bodies,
whilst lower amplitudes represent more mudstone-rich intervals. This
study assumes that the amplitude variations observed are a function
largely of rock type but acknowledges that they may also be affected by
variations in fluid-fill or by thin-bed tuning effects. On this basis, the
resultant maps were used for the identification and mapping of potential
sedimentary systems. Scales of mapped sedimentary system include
super system, fan system, fan lobe, and channel elements (Fig. 5).

The variance attribute was calculated and used to identify disconti-
nuities in the dataset at the mapped horizons. This attribute measures
the continuity between seismic traces along a picked horizon and has
been used to highlight fault trends, basins, highs, channel systems, and
fan geometries. Variance and amplitude extractions were applied to time
windows (0-200 ms) and horizon time-offsets for each key horizon
interval.

Spectral decomposition (or ‘time-frequency analysis’; Farfour et al.,
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Fig. 3. A tectono-stratigraphic chart for the North Falkland Basin, ranging from
the Jurassic to the Palaecogene. Nomenclature for these packages has been taken
from Richards and Hillier (2000). Note ‘LC’ stands for ‘Lower Cretaceous.” A
comparison of the interpreted horizons and stratigraphy in this study, with the
tectono-stratigraphic units as defined in Richards and Hillier (2000)
is provided.

2017) was performed on this dataset. Combinations of
frequency-dependent ‘red-green-blue’ (RGB) blends were trialled, with

optimal viewing conditions at 15-25-30 Hz. Resultant ‘RGB maps’ were
displayed in a 3D cube for geo-body evaluation.

3.4. Analogue fan systems

The Eastern Flank deep-lacustrine fan systems of Sea Lion North, Sea
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Lion, Otter (Williams, 2015; Dodd et al., 2019), Beverley, Casper,
Zebedee (Bunt, 2015; Francis et al., 2015; Dodd et al., 2022), and sys-
tems of the Isobel Embayment (Plenderleith et al., 2022) form compa-
rable and potentially contrasting fan analogues for the systems
described in this study. The Eastern Flank systems are characterised by
high amplitude seismic reflectors, which form a range of fan system
types, with a wide range of recognisable internal seismic architectures
(sensu Dodd et al., 2019; Dodd et al., 2022). These fan systems display
abrupt lateral and distal pinch-outs.

4. Results
4.1. Base LC1 (top late syn-rift)

4.1.1. Description

At the base LC1 horizon, the Western Graben (Fig. 6a) consists of four
separate depocentres, termed ‘depocentre 1-4’. In the south, depocentre
1 forms the deepest part of the Western Graben, reaching a maximum
depth of 2600 m. Depocentre 1 is separated from depocentre 2 to the
west by a basin high. Depocentre 2 is the shallowest, with a maximum
depth of 2300 m. To the north, depocentres 3 and 4 deepen to 2450 m
and 2550 m, respectively. They are separated by a basin high related to a
northern splay of the Orca Ridge.

The margins of the Western Graben shallow upwards to 1300 m over
the Western Flank, and 2000 m over the Orca Ridge. A series of N-S/
NW-SE oriented faults define the western and eastern edges of the
Western Graben. In relation to this N-S/NW-SE trend, a series of parallel
to sub-parallel intra-basinal faults are visible in the variance data
(Fig. 6b). Additionally, secondary fault sets and other non-fault-related
discontinuities are visible, displaying NE-SW and E-W orientations.

A maximum amplitude extraction on a 10 ms window, with zero
offset of the Base LC1 horizon, shows regional sedimentary systems
preserved at the base of LC1 (see Fig. 6¢). Western areas are dominated
by west-east oriented elongate high amplitude features, with a branch-
ing network of sinuous and linear channel-like features (<500 m in
width), which are surrounded by low amplitude areas. As the systems
move easterly into the depocentres, the high amplitude features grad-
ually widen, forming lobate geometries. Multiple fanning-outwards ge-
ometries in the west appear to coalesce in the various depocentres in the
east, with fewer intervening low amplitude areas.

4.1.2. Interpretation

A series of broadly west-east flowing deep-lacustrine super systems,
fan systems, and lobes are interpreted in the Western Graben at this
stratigraphic level. Discontinuities in the variance maps (Fig. 6b) are
interpreted as large-scale erosional scour features related to sinuous
channels and canyon systems, through which sediment bypassed into
the eastern areas of the Western Graben. Areas of high amplitudes have
been mapped and separated into discrete fan systems, fan lobes, and
channel elements (Fig. 6¢), which have been grouped into five sedi-
mentary super-systems termed S1-S5, moving from south-to-north
(Fig. 6d; Table 1).

4.2. Top LC1 (rift to sag transition)

4.2.1. Description

The Top LC1 reflector is characterised by four separate depocentres
that show a N-S elongated planform geometry (Fig. 7a). Depocentre 1
represents the deepest area at this stratigraphic interval, reaching c.
2400 m (Fig. 7a). It has a stratal thickness of c¢. 150 m (Fig. 4a) and is
bound to the east and west by a series of N-S trending faults. Depocentre
2 is separated from depocentre 1 by a basin high, reaching depths of
2150 m (Fig. 7a) and has a stratal thickness of up to 150 m (Fig. 4a).
Depocentre 2 shallows westward to 1400 m on the Western Flank. To the
north-east, depocentre 3 is bordered by N-S oriented faults along the
Western Flank and along the Orca Ridge to the east, where it deepens to
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Fig. 4. Isopach thickness maps (in metres) for the rift-sag transition to early post-rift units across the Western Graben. Contours are spaced at 25 m intervals. The
thick black lines represent faults that intersect each interval. (a) LC1. (b) LC2. (c) Lower LC3. (d) Upper LC3.

2330 m in the centre (Fig. 7a). Depocentre 3 has a thickness of up to 250
m (Fig. 4a).

An intra Orca Ridge structural low, or break, is observed directly east
of depocentre 3, particularly in the variance slice where an area of low
variance and along-strike discontinuities are present between northern
and southern edges of the Orca Ridge (Fig. 7a and b). Depocentre 4
reaches depths of 2200 m (Fig. 7a) displays stratal thicknesses of c. 300
m (Fig. 4a), and is separated from depocentre 3 by a basin high. High
amplitude features are widespread along the eastern margin of the

Western Graben, adjacent to the Orca Ridge, whilst to the west high
amplitudes are more spatially restricted and often characterised by
elongate areas of high amplitude that are otherwise surrounded by areas
of low seismic amplitude (Fig. 7c).

4.2.2. Interpretation

The high and low amplitudes observed at this interval have led to the
identification of a series of fan systems, fan lobes, and channel elements
(Fig. 7¢), which have been grouped into five sedimentary super systems
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Fig. 5. Schematic diagram showing a hierarchical fan system classification
scheme. A fan system is a distinct seismo-geomorphological feature imaged by
3D seismic data, which is fed by a single feeder system/channel, or closely
spaced (e.g. 100s of meters) series of feeder systems/channels. Fan systems can
be grouped into super systems, largely based on a common source area, similar
or comparative aerial profiles/seismio-geomorphology, and chronological
commonality (i.e., contemporaneous or penecontemporaenous systems form a
super system). Lobe and channels form the principal internal components of fan
systems, and form at a smaller scale. Lobe elements are defined as the internal
architectures observed within lobes and are more-closely related to flow-
scale processes.
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termed S1-S5, moving from south-to-north (Fig. 7d; Table 2).

4.3. Top LC2 (lower early post-rift)

4.3.1. Description

At the LC2 stratigraphic interval, the Western Graben forms a single
connected depocentre, which progressively deepens from 2100 m to
2300 m (Fig. 9a) and thickens from 150 to 200 m (Fig. 4b) moving from
south to north. The eastern margin of the Western Graben is bound by a
continuous system of N-S oriented faults, whilst to the west there is a
more discrete set of generally smaller (in length) N-S faults that form the
edge of the Western Flank.

Linear, W-E oriented discontinuities are visible on the variance
attribute at this interval (Fig. 9b). In the east, a network of narrow,
slightly sinuous architectures is surrounded by broader and laterally
extensive lower amplitude areas (Fig. 9c). The narrow areas of higher
amplitude progressively widen moving from west to east. The highest
seismic amplitudes observed at this stratigraphic interval are in the
northern-most and southern-most parts of the study area.

4.3.2. Interpretation

Some of the W-E oriented discontinuities observed in the variance
maps (Fig. 9b) are associated with high amplitudes and therefore
interpreted to be feeder channels (Fig. 9c and d) that traversed the
western slope. These channels fed the lobe-dominated parts of the sys-
tems in the east, where variance attribute maps become more contin-
uous. High amplitudes in the east are likely associated with numerous
fan systems and internal lobes that coalesced and became frontally
confined against the western edge of the Orca Ridge (Fig. 9c). These high
amplitudes have been identified and grouped into four sedimentary
super systems termed S1-S4, moving from south-to-north (Fig. 9d;
Table 3).

(c) Base LC1 (d) Base LC1
Vo NE .'; m.obedthv te
[1'] K] o
s /u. H
FIE £ :
2 2 o
7] @ i
o ®
S4 5)
(31
® S3 S5\
b=t =5
. o &5
5 AN
- s :
# 2 r\ §
s =
4/09-2 O| / 5
E>f\ ff, 4 &
=% 7y 2
5 4
a 4 \\
Feeder-dominated \

012 4

s BKAIL7m=l=rs s1

8
e —— ilometers

I Basement High Fan system
S1 Super system Lobe
> Sediment input Channel

Maximum Amplitude

LN
0 70000

Fig. 6. Seismic characteristics of the Base LC1 horizon. (a) A depth-structure map of the Base LC1 horizon in the Western Graben, showing the four main depocentres
labelled on the image. Contours are spaced at 25 m intervals. (b) A variance attribute map draped over the Base LC1 horizon. Discontinuities are shown in black and
highlight the main structural features that intersect this surface. (c) A maximum amplitude extraction map produced from a 10 msec window, with zero offset from
the mapped Base LC1 horizon, cropped at the western boundary of the Orca Ridge. Brighter colours indicate higher amplitude values that likely correspond to either
sand bodies or fluid changes in the subsurface. Orange polygons represent interpreted fan systems, whilst yellow outlines demarcate individual channels and lobes.
(d) An interpreted seismic facies map of the Base LC1 horizon, showing the super systems, fan systems, lobes, and channels. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Seismic characteristics of the Top LC1 interval. (a) A depth-structure map of the Top LC1 horizon in the Western Graben, showing the four main depocentres.
Contours are spaced at 25 m intervals. (b) A variance attribute draped over the Top LC1 horizon. Discontinuities are shown in black, and which highlight the main
structural features that intersect this interval. (¢) Maximum amplitude extraction map of a 100 msec window, taken with a —20 msec offset from the Top LC1 horizon,
cropped at the western boundary of the Orca Ridge. Brighter colours indicate higher amplitude values that likely correspond to either sand bodies or fluid changes in
the subsurface. Orange polygons represent interpreted fan systems, whilst yellow outlines demarcate individual lobes and channels. Note cross-section through the
fan system as shown in Fig. 8. (d) An interpreted seismic facies map at the Top LC1 horizon, showing the super systems, fan systems, lobes, and channels. It is
characterised internally by northern and southern fan systems, composed of stacked lobes in the south, and laterally confined feeder channels in the north. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. (a) A NW-SE two-way-travel-time
seismic section through the LC1 interval,
showing the southern stacked geometry of
super system 2. The main tectonostrati-
graphic units are displayed as coloured ho-
rizons, whilst the white outlines highlight
the extent of the fan bodies. (b)Geometries
and relationships of five stacked fan lobes
using spectral decomposition (15-20-35 Hz
RGB blend), with a 100 msec window and 50
msec offset above base LC1. Contains seismic
data © Falkland Islands Government. All
rights reserved.
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4.4. Lower LC3 (early post-rift)

4.4.1. Description

Sedimentary systems during the Lower LC3 sub-unit are evaluated
using an RMS amplitude extraction window (Fig. 10), created between
the Top LC2 and Intra LC3 horizons. Three high amplitude areas are
identified within the Western Graben during the Lower LC3 interval. In
the southern-most part of the study area, an overall N-S oriented series
of elongate or lensoidal, arcuate, high amplitude architectures are
observed, displaying planform geometries that are quite different to
other features in the Western Graben or the wider NFB (Fig. 10). In the
middle part of the study area, a series of W-E oriented high amplitude
features traverse across the Western Flank, extending down and into the

Western Graben, past the Orca Ridge and into the Eastern Graben. In the
northern part of the study area, N-S oriented high amplitude features
are present. These amplitudes become brighter as they terminate against
the W-E oriented high amplitudes (Fig. 10).

4.4.2. Interpretation

The three high amplitude areas identified in the south, central, and
northern parts of the RMS extraction are interpreted as three separate
depositional systems within the Western Graben during the Lower LC3
interval (Fig. 10). The arcuate or lensoidal shaped high amplitude ar-
chitectures in the south are interpreted as a carbonate reef complex, as
observed from hummocky high amplitude seismic geometries in cross-
sectional view (Fig. 11).



D.J.R. Jones et al.

(a) Top LC2 (b)

i Fan‘éntr{(‘- 2

012 4 6 8
I —— ilometers.

012 4 6 8
o ———ilometers e

Marine and Petroleum Geology 149 (2023) 106090

(c) Top LC2 (d) TopLC2
E % s
™ 1}
el =
%- :."r
3 }

aix f
m/ /
> £
18
&)

~—
(7]
w

.
.
#23
# .
=4 H
Feeder-dominateds |
N .
%
s
Al 3
S2
et s ‘ et et

Depth (m)

[ N T
1300 2300 0

Variance

Maximum Amplitude [ Basement High Fan system
JUNL (T S1 Super system Lobe
0 70000 > Sediment input Channel

Fig. 9. Seismic characteristics of the Top LC2 interval. (a) A depth-structure map of the Top LC2 horizon in the Western Graben study area, showing a single main
depocentre. Contours are spaced at 25 m intervals. (b) A variance attribute draped over the Top LC2 horizon, discontinuities are shown in black and highlight the
main structural features at this interval. (¢) Maximum amplitude extraction map taken from a 150 ms window, with zero offset on the Top LC2 horizon, cropped at
the western boundary of the Orca Ridge. Brighter colours indicate higher amplitude values, which likely correspond to either sand bodies or fluid changes in the
subsurface. Orange polygons represent fan systems, whilst yellow outlines demarcate individual lobes and channels. (d) Interpreted seismic facies map of the Top LC2
horizon, showing the super systems, fan systems, lobes, and channels. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

In the middle part of the study area, the W-E oriented high amplitude
features represent a series of westerly-derived fan systems (Fig. 10). The
flows that deposited the fan systems are interpreted to have travelled
from the Western Flank, down into the Western Graben, where they
were mostly frontally confined against the Orca Ridge. However, some
of the flows overtopped the Orca Ridge or were diverted around its
northern edge, transporting their sediments out and into the Eastern
Graben. The Sea Lion North Fan is also observed at this stratigraphic
level, as shown by the high amplitude features in the Eastern Graben
(Fig. 10), suggesting that these systems were coeval. In the northern
area, the N-S oriented linear features are interpreted as northerly-
derived deltaic sediments that interacted with the westerly-derived
fan systems. The linear edge along which they terminate is interpreted
as the base of the distal prodelta deposits (Fig. 10).

4.5. Intra LC3 (early post-rift)

4.5.1. Description

A depth structure map of the Intra LC3 horizon illustrates that the
Western Graben consisted of a single main depocentre (Fig. 12a). This
depocentre was deepest directly adjacent to and along strike from the
Orca Ridge, varying from c. 2200 m in the south to c¢. 2000 m in the
north, thickening to a maximum of 300 m towards the centre of the
graben (see Fig. 4c, where it has been referred to as lower LC3). N-S and
NW-SE trending faults border the western margin of the Orca Ridge,
with a number intersecting the Western Flank (Fig. 12b).

In the northern area, the variance data shows a series of sinuous N-S
trending architectures (Fig. 12b), which can be correlated with discrete
NE-SW oriented high amplitude features (Fig. 12c). By contrast, the
variance slice in the central part of the graben shows a series of W-E

oriented discontinuities (Fig. 12b), which can be correlated with a series
of W-E oriented high amplitudes features across the Western Graben and
Orca Ridge (Fig. 10c). In the central part of the graben, a cluster of high
seismic amplitudes brighten from west to east (Fig. 12c). In the southern
part of the study area, a series of arcuate or lensoidal high amplitude
architectures are flanked to the east by moderately bright discontinuous
amplitudes features (Fig. 12c). These features form hummocky seismic
reflections, with down-lapping stepped profiles (Fig. 11). These features
are located directly over a mid-basin high, with compactional drape
observed above its edges (Fig. 11).

4.5.2. Interpretation

In the northern parts of this depocentre, the variance data illustrates
a series of sinuous N-S trending features, which are interpreted as delta-
top channels, marking a provenance change for the depositional systems
in this part of the basin (Fig. 12b) associated with progradation of a
northerly-derived delta (Fig. 12c and d). In contrast, the series of W-E
oriented discontinuities (Fig. 12b) and high amplitudes of the central
areas (Fig. 12¢) represent a continuation of the eastwardly driven deep-
lacustrine fan systems. Two sedimentary super systems are identified,
which are termed S1 and S2, moving from south to north (Fig. 12d;
Table 4).

In the southern part of the graben, the cluster of arcuate and len-
soidal high amplitude seismic architectures in plan-view, and which
display hummocky seismic reflections and down-lapping stepped pro-
files in cross-section over mid-basin highs (Fig. 11), are interpreted as a
reef complex (cf. Fontaine et al., 1987; Wu et al., 2009). The relatively
isolated planform distribution of amplitudes, which form as small lenses,
reflect several steps in the reef (Fig. 12¢) built-up through successive
periods of reef-front development. The moderately bright amplitudes
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Fig. 10. An RMS amplitude extraction of the
Lower LC3 interval across the Western and
Eastern grabens. In the north, the higher
amplitude features (dark grey to black features
on the map) likely represent northerly-derived
delta-toe  deposits. Immediately south,
westerly-derived fan systems appear to flow
across the Western Graben, which then pass
around the northern extent of the Orca Ridge,
draining into the Eastern Graben. In the
southern-most part of the study area, a cluster
of high amplitude architectures are interpreted
to represent possible carbonate reef develop-
ment. Attribute analysis of seismic data ©
Falkland Islands Government. All rights
reserved.
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Fig. 11. A W-E interpreted two-way-travel-time seismic crossline, illustrating the potential reef complex shown between 1800 and 1850 ms (see Section 4.5 for more

detail). Contains seismic data © Falkland Islands Government. All rights reserved.

flanking the east of the reef are interpreted as reef apron debris (or a reef
talus), which is frontally confined against the western edge of the Orca
Ridge (Fig. 12d).

It is clear from these observations and interpretations that the intra

LC3 horizon marks an important change in depositional processes within
the Western Graben. This variability is likely related to a major lowering
of lake base level during this time. Consequently, the northern areas
were overstepped by deltaic sediments prograding from the north,
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Fig. 12. Seismic characteristics of the Intra LC3 reflector. (a) Structural depth map of the Intra-LC3 horizon, showing one main depocentre. Contours are spaced at
25 m intervals. (b) A variance attribute draped over the Intra-LC3 TWTT horizon. Discontinuities are shown in black, and which highlight the main structural features
that intersect this interval. (¢) Maximum amplitude extraction map from a 25 msec window around the seismic pick, with zero offset. Brighter colours indicate higher
amplitude values, which likely correspond to either sand bodies or fluid changes in the subsurface. Orange polygons represent fan systems, whilst yellow outlines
demarcate individual lobe and channels. Light blue and dark blue polygons represent a carbonate reef complex and reef apron debris, respectively. Brown polygons
represent an interpreted delta system, which was likely mud-prone with interspersed sandstone-filled channels (represented by yellow polygons). (d) Interpreted
seismic facies map of Intra LC3 horizon, showing the super systems, fan systems, lobes, channels, a reef complex, reef apron debris, and a delta system. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

which began to cover remnant palaeobathymetry on the northern edge
of the Orca Ridge (Figs. 4c and 12a). Concomitantly, carbonate reefs
were built in the shallow-lacustrine environments along the southern
areas of the Western Graben, whilst minor deep-lacustrine fan systems
continued to flow from west to east in the deeper areas of the basin.

4.6. Top LC3 (early post-rift)

4.6.1. Description

At the top LC3 interval, the Western Graben forms as a single main
depocentre, which is deepest directly adjacent to the Orca Ridge
(Fig. 13). The depth of this depocentre varies along strike, with the basal
surface at c. 2150 m in the south, shallowing-up to c. 1900 m in the north
(Fig. 13a). The top LC3 package thickens from c. 300 m in the north-west
to ¢. 700 m in the south (Fig. 4d). In the south, the variance data is
relatively continuous, whereas in the north discontinuous low to high
sinuosity features are observed (Fig. 13b).

In the north, seismic amplitudes form as a series of north to south or
north-east to south-west striking branching networks of sinuous fea-
tures, which are surrounded by expanses of low seismic amplitude areas
(Fig. 13c). The higher amplitude areas widen towards the south, forming
a series of broadly south-west to north-east striking architectures, as well
as an enigmatic seismically bright shard-like architecture in the south-
west (Fig. 13c). At the southernmost part of the Western Graben, there
is a distinct change in seismic character from the seismically bright areas
to more moderate seismic amplitudes, which display an overall diffuse
geometry (Fig. 13d).

4.6.2. Interpretation
The highly sinuous and branching high amplitude features in the
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north likely represent a network of fluvial channels within a delta-top
setting, with the expansive areas of low amplitudes representing asso-
ciated delta-top mudstones (Fig. 13d). The higher amplitude south-west
to north-east striking seismic architectures in the central part of the
survey are interpreted as marginal-lacustrine working of coarse-grained
delta deposits along palaeo-shorelines. The shard-like high amplitude
feature within the higher amplitude areas is interpreted as a relict beach
bar system, which was prograded-across and around by the southerly-
prograding delta (Fig. 13d). In the southern-most parts of the study
area, the change from these high seismic amplitudes to more moderate
amplitudes likely represent the southern-most extent of the northerly-
derived deltaic system, with the moderate seismic amplitudes inter-
preted as the distally located shallow-to deep-lacustrine lake areas.

5. Discussion
5.1. Evolution of depositional systems in the Western Graben

During LC1 and LC2, sediment was transported into the Western
Graben through a series of broadly W-E striking feeder channels that
formed a complex suite of fan systems and stacked lobes in the basin
centre (Fig. 14a, b and 14c). These fan systems represent the major
sediment transport conduits into the Western Graben during a ‘basin-fill
phase’, which is directly comparable to the ‘ponded phase’ of Prather
et al. (1998). Fan systems formed or active during these phases are
typically regarded as sand-rich, although more complex associations
have been documented (see Soutter et al., 2019 and references therein).
During this phase, the Orca Ridge formed the eastern limit of the
Western Graben and acted as a significant barrier or ‘sill’ (sensu Prather
etal., 1998) to the depositional systems derived from the Western Flank.
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Fig. 13. Seismic characteristics of the Top LC3 interval. (a) A depth-structure map of the Top LC3 horizon, showing one main depocentre. Contours are spaced at 25
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interval. (¢) Maximum amplitude extraction map taken from an interval window between the Top LC3 and Intra-LC3 horizons, with zero offset (on both horizon
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system. (d) Interpreted seismic facies map of the interval between Top LC3 and Intra-LC3, showing the delta system and internal channels, along with the preserved
beach bar systems. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

This palaeobathymetry caused many of the sedimentary systems to pond
adjacent to and along the strike of the Orca Ridge, forming a series of
‘frontally-confined’ fan systems and fan lobes (Fig. 15a, b, and 15c).
Throughout the LC1 interval, the basin represented a fluvio-lacustrine
environment at peak highstand, during which time sediments were
transported from the Western Flank and into the basin by
deep-lacustrine fan systems (Fig. 15a). As sediment supply is intimately
linked with water input into lacustrine basins, highstand conditions are
thought to represent periods of relatively high sediment supply (Zhang
et al., 2019). N-S oriented extensional faults bordered submerged basin
highs, causing the LC1 sedimentary systems to be structurally confined,
particularly at their lateral margins (off-axis areas). This lateral
confinement had a considerable influence on the distribution of the fan
systems in the Western Graben, which was further exacerbated by their
frontal confinement against the Orca Ridge (Fig. 15a). Sedimentation
continued in a similar way during LC2, with a dominant west to east
drainage (Fig. 15b). However, a change in fan system/fan distribution is
observed in the deep-lacustrine environment between LC1 and LC2
times, and in-particular the location of their lobe-dominated parts of the
system. The lobe-dominated areas are comparatively less extensive
across western areas of the Western Graben during LC2 times, and
instead accumulate predominantly in the east, with longer and
more-continuous channel elements feeding the basinally-located lobes
(Fig. 14c). This is further supported by an easterly shift in the distri-
bution the thick sedimentary cover between LC1 and LC2 times, which is
particularly evident in the southern-most parts of the study area (Fig. 4).
This easterly shift in depocenter loci is interpreted to be controlled by a
progressive lowering of lake base level and/or inwards shrinking of
facies belts associated with the falling stage systems tract, which forced
the sedimentary systems eastward.

In LC3 times, northern parts of the Western Graben began to reach
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the basin fill stage (Fig. 14d and e), during which the northern areas of
the Orca Ridge became overtopped and buried by both northerly-
derived deltaic sediments and by westerly-derived deep-lacustrine
derived fan systems. In early LC3 times, deposition occurred during a
period of relatively shallow water, particularly in southern areas,
resulting in the formation of a carbonate reef complex in the Western
Graben (Figs. 10, 12, 14d and 15c). This carbonate reef complex is
positioned over a basin high (Fig. 11) and so likely experienced slightly
shallower waters where it was relatively detached from the hinterland
siliciclastic drainage systems. Additionally, the network of underlying
faults observed in LC2 strata below the reef complex (Fig. 11) may have
aided in reef formation through the transportation of basinal nutrient-
rich waters to the surface (Fig. 11), which may have enhanced biolog-
ical productivity in the reef system. Carbonate reef debris aprons formed
in down-dip areas to the east of the reef system, where they were
frontally confined by the Orca Ridge (Fig. 14d). W-E trending fan sys-
tems were confined to basin lows, largely within an area to the north of
the carbonate reef complex (Fig. 15c). This is supported by west-east
orientated discontinuities in the variance data (Fig. 12b), which indi-
cate that flows incised and potentially by-passed this area during this
time. These branching channel elements were able to flow over and
through the Orca Ridge, resulting in sediment transport into the Eastern
Graben sediment sink (Fig. 10). This suggests that available accommo-
dation space in the Western Graben was diminishing in the more
northern areas. The proximity of these flows to the adjacent reef com-
plexes likely resulted in the erosion and redistribution of intraforma-
tional  carbonate clasts, and their transportation by
penecontemporaneous turbidity currents. This relationship is analogous
to examples from the Morillo System in the Ainsa Basin (Spanish Pyr-
enees), where siliciclastic channel fill sediments have been influenced,
and to some extent deflected by a nearby carbonate platform along the
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Table 1
Sedimentary super systems of Base LC1 (top late syn-rift); descriptions relate to
maps shown in Fig. 6.
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Table 2
Super systems of the Top LC1 (rift to sag transition); descriptions relate to maps
shown in Fig. 7.

Super Interpretation Super Interpretation

System System

S1 Super system (S1) is sourced from the W/WSW. It comprises two S1 S1 is composed of two fan systems, with feeder systems deriving
flank-fed fan systems, which internally consist of a series of tongue sediment from the W/NW. The two fan systems consist of partially
shaped fan lobes (3-4 km in length, 2-3 km in width). The fan lobes confined and laterally confined funnel shaped lobes and are frontally
are compensationally stacked, shedding sediment into the southern confined by the Orca Ridge (Fig. 7d).
part of depocentre 1, and frontally confined against the western edge S2 S2 comprises a single large fan system, sourced from the Western
of the Orca Ridge. Flank. This system consists of two distinct areas of high amplitude, one

S2 S2 forms a large W/SW sourced super system, comprising two fan in the south and one in the north. The southern area is characterised
systems that internally consist of large tongue-shaped fan lobes. The by five tongue-shaped partially confined lobes, which show
southern-most fan system is laterally confined, indicated by two compensational to aggradational stacking patterns from broadly
stacked fan lobes. The northern fan system consists of a single fan lobe. south-to-north (see Figs. 7d, 8a and 8b). The northern area consists of
Both fan systems are frontally confined against the Orca Ridge and are laterally confined feeder channels and associated lobes that internally
sourced through a series of gently sinuous to linear feeder channels. display diverse fanning-outwards directions and complex
Some of the highest amplitudes are observed in the S2 super system. architectural elements. Palaeoflow directions of the northern lobes are

S3 S3 is partially confined and coalesces with S2. It contains one tongue- interpreted as initially being from west to east, where they are then
shaped fan system that is frontally confined against the Orca Ridge. It directed from south-to-north along a terrace formed along a north-
is sourced through a network of branching feeders, which were likely south trending basin high, which may have been accompanied by
fed from a basin-margin canyon system (Fig. 6b). It is likely that the incision into the distal slope (Fig. 7c~d). Subsequently, the flow
medial part of S2 has been partially influenced or laterally confined by direction turned ninety degrees towards the east, where the system
S3, shown by the merging of high amplitudes at fan system limits ( expanded out and into the less-confined areas of depocentre 1 (Fig. 7a
Fig. 6¢). and c).

S4 S4 consists of one fan system that contains two flank-fed funnel shaped S3 S3 comprises two fan systems, both sourced from the Western Flank
fan lobes sourced by westerly-derived feeder channels. S4 shows some through long elongate feeder channels (6-9 km in length), which
evidence for interaction with both the southerly S3 and the northerly coalesce in the southerly low of depocentre 3. Internally, the two fan
S5. The distal limits of the southern lobe are contained within systems comprise discrete feeder channels attached to down-flow-
depocentre 3 and show some evidence for being confined against S3, located east-west oriented elongate lobes, which are frontally
whilst the northern lobe is frontally confined against the Orca Ridge. confined against the Orca Ridge (Fig. 7d). Incised canyons and

S5 S5 forms the northern-most super system and contains one fan system channels are observed in variance maps from within the S3 system (
derived from the NW, forming two elongate fan lobes. The western fan Fig. 7b).
lobe terminates against S4 and coalesces into the feeder system of the S4 S4 comprises sediment drained into depocentre 3 (Fig. 7a) along three
eastern fan lobe, whilst the eastern fan lobe by-passes this area and is main feeder channels that are observed in variance maps (Fig. 7b).
frontally confined against the Orca Ridge. These channels coalesce to feed vertically stacked fan lobes deposited,

with encircled palaeotopography created in the centre of depocentre 3
(Fig. 7c and d).
high.re]ief Boltana Anticline (Bayliss and Pickering, 2015). S5 S5 comprises two fan systems sourced from both the Western Flank
The Western Graben evidently experienced a much shallower water and the north-west. The fan systems are composed of multiple tongue-
. . . S . shaped fan lobes. The western-most fan system appears to terminate
setting during early LC3 times, which is directly correlatable to the base : .
against the western margin of the eastern fan system. The eastern fan
LC3 lake lowstand, as observed in the Eastern Graben (Richards and system forms within depocentre 4 and is frontally confined against the
Hillier, 2000; Richards et al., 2006; Dodd et al., 2019). The key control Orca Ridge (Fig. 7d).
on this lowstand event was likely a combination of semi-regional climate
variability (e.g., more arid conditions, leading to decreased sediment
transport into the basin centres), and a gradual reduction in available Table 3

accommodation space as the Western Graben transitioned into the
‘fill-phase’ regime (sensu Prather et al., 1998).

By top LC3 times, the Orca Ridge was buried by sediment, leading to
the connection of the Western and Eastern Grabens to form a single
continuous basin (Figs. 14d and 15d). Comparisons can be drawn be-
tween the fill architecture of the Western Graben and the ‘bypass’ phase
of Prather et al. (1998). The uppermost part of LC3 experienced reduced
clastic supply from the west, with the northerly-derived prograding
delta system becoming the primary sedimentary system in the Western
Graben area during a period of basin highstand (Fig. 15d). This formed a
series of delta top deposits in the north of the study area, which tran-
sitioned into marginal lacustrine environments in the south. Thesede-
posits of which were likely re-worked by littoral processes at the edge of
the lake (Figs. 14d and 15e). The shard-like high amplitude feature is
interpreted as a beach bar system formed in this marginal-lacustrine
setting, which was later overstepped by the southerly prograding
delta. The delta brought with it substantial amounts of clastic sediment
into the shelf area where the early LC3 reef had previously accumulated,
likely resulting in a reduction or termination of carbonate production
and subsequent reef abandonment by late LC3 times (Fig. 12c¢).

5.2. Influence of multi-scale palaeobathymetry on deep-lacustrine fan
development

At the broadest scale, the Western Graben represents a ponded basin
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Sedimentary super systems contemporaneous with the Top LC2 (lower early
post-rift); descriptions relate to maps shown in Fig. 9.

Super
System

Interpretation

S1 S1 comprises one fan system sourced from the Western Flank, which
internally consists of two tongue-shaped fan lobes that are frontally
confined by the Orca Ridge (Fig. 9d).

S2 contains three fan systems fed by channels from the Western Flank,
which coalesce across the slope forming a series of fan lobes in the
basin centre. Medial areas are likely bypassed, with a series of
compensationally stacked, partially confined terminal lobes forming
distally. These three fan systems are frontally confined by the western
edge of the Orca Ridge (Fig. 9d).

S3 contains a complex network of branching and interconnected
feeder channels derived from the Western Flank. These feeder
channels transition into a series of compensationally stacked fan lobe
deposits immediately down-dip of the base of slope, which are
frontally confined by the Orca Ridge (Fig. 9d).

S4 is composed of a single fan system, consisting of several north-
westerly-derived fan lobes. The southernmost lobe is confined against
the northern edge of S3, whilst the other fan lobes are frontally
confined against the Orca Ridge (Fig. 9d).

S2

S3

S4

(sensu Prather et al., 1998), with internal fan systems sourced from the
Western Flank. The ponded basin is confined and contained (sensu
Southern et al., 2015) throughout LC1 times, with flows unable to sur-
mount mid-basin or basin-edge palaeobathymetry such as the Orca
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Table 4
Sedimentary super systems contemporaneous with the Intra LC3 (middle early
post-rift); descriptions relate to maps shown in Fig. 12.

Super Interpretation
System
S1 S1 is located west of the reef system and comprises two fan systems:

one in the south, which is derived from the south-west and is confined
by the western margin of the reef; the other in the north, which is
largely derived from the north-west. Both systems contain a single
lobe and channel complex (Fig. 12d).

S2 S2 lies directly to the north of the reef and consists of a series of W-E
channel-dominated systems. Many of these channels can be mapped
over the Orca Ridge and into the Eastern Graben (Fig. 12d).

Ridge (Fig. 15a). This began to change moving into early LC3 times
(Fig. 15c), when the Western Graben started to fill with sediment and
flows, particularly those in the north were able to travel over the Orca
Ridge and into the Eastern Graben (Figs. 10, 12 and 14), forming a
‘confined and uncontained basin’ (sensu Southern et al., 2015) by top
LC3 times.

At the super system and fan system scale, fan system distribution and
geometries are strongly influenced, and to some extent laterally
confined by the effects of intra-basinal palaeobathymetry within the
Western Graben. Basin highs bordered by largely N-S oriented faults
formed significant palaeobathymetrical features (Fig. 7), which were
present during parts of LC1 and throughout LC2, becoming less signifi-
cant through burial during LC3 times. Their strong influence over fan
system geometries is evidenced by the concomitant divergence, deflec-
tion, and change in character of seismic architectural elements of the
mapped interacting sedimentary systems (Figs. 7 and 9). For example, in
the Top LC1 interval of the S2 super system (Fig. 7), palaeobathymetry
strongly influenced flow pathways and the resultant architecture of the
sedimentary systems. Fan systems were diverted around and along a N-S
striking palaeo-high bordered by normal faults (Fig. 15b). This fan
system eventually broke through or was able to surmount the palae-
obathymetry of the palaeo-high, forming depositional lobes within the
westerly-located basin centre. Similar relationships are observed in ex-
amples from the Lower Sandstone of the Springar Formation, which
dissects the Gjallar Ridge in the Vgring Basin, Norway (Maynard and
Gibson, 2001; Southern et al., 2017). Finally, at the super system and fan
system scale, all examples from LC1 and LC2 display compelling
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evidence for frontal confinement and ponding against the Orca Ridge
(Figs. 4 and 14), which ultimately controlled the final loci of deposition
for each fan system. Frontally confined sedimentary systems are well-
known for their thick coarse-grained often tabular clastic sedimentary
successions, which are deposited as a consequence of flows being forced
to decelerate, and in some cases arrest against a confining slope (Patacci
et al., 2014).

When these depositional systems are examined at the lobe and
element scale, variations in lobe geometry and stacking pattern archi-
tecture are observed. Lateral confinement of lobes is a key feature at the
lobe scale. In the example of S2 of the Top LC1 interval (Figs. 7 and 8),
the southernmost arm forms within a gap in the Orca Ridge, and the
northerly arm is sandwiched between the slope and a linear palae-
obathymetrical feature (Fig. 7). The southerly arm is composed of a
series of aggradational to compensationally-stacked lobe features that
were forced to migrate northwards over time as available accommoda-
tion space in the south began to fill with the earliest fan lobe deposits
(Fig. 8). In this example, the degree of aggradational lobe stacking
within loosely decreases over time, with progressive lobe deposits dis-
playing a higher degree of compensational staking, which can be asso-
ciated with the gradual in-filling of palaeotopography. Finally, each lobe
has been fed by its own feeder channel within the overall fan system
(Fig. 7¢), suggesting that the infilling of accommodation space in the
basin centre, and subsequent potential damming-up of feeder systems of
previous lobes may act to force a shift in position of the next feeder
system that develops.

5.3. Variability and evolution of deep-lacustrine fan system type and lobe
character

Within the Western Graben, the deep lacustrine super systems, fan
systems, fan lobes, and element-scale geometries show considerable
spatial and temporal variability. Structural confinement is observed to
exert control on these sedimentary systems, at a range of different scales.
When these confined systems are compared with other examples of
partial or non-confined (unconfined) deep-lacustrine systems (e.g., the
Sea Lion Fan, Dodd et al., 2019; the Beverley Fan, Dodd et al., 2022), the
internal character of the fan systems, in particular lobe-scale spatial
distribution and stacking patterns, are strongly influenced. These ex-
amples provide evidence that deep-lacustrine palaeobathymetry
strongly influences the internal sedimentary systems, which requires
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further consideration in the context of deep-lacustrine fan models.

At the lobe scale, one of the key differences between fan systems in
the Western Graben and the comparatively less confined examples in the
Eastern Graben (i.e., Sea Lion; see Dodd et al., 2019) is a general absence
of terminal lobes (terminal splays). This seems to be the case for the
frontally confined systems, whose distal-most expression is affected by
the Orca Ridge (Fig. 7). Instead of flowing out to their full extent and
forming elongate finger-like geometries, these flows were contained
within the Western Graben, with their distal-most expressions either
redirected laterally along strike of the ridge or reflected in the opposing
direction (sensu Southern et al., 2015), resulting in flow ponding (Sin-
clair and Tomasso, 2002 and references therein). In the other examples
where these flows were able to surmount the palaeobathymetry, flow
stripping likely resulted in a reduction of entrained sediment within the
passing flow (sensu Sinclair and Tomasso, 2002 and references therein),
leaving coarser grained sediments deposited behind the ridge and
comparatively lower density finer grained flows passing into the Eastern
Graben.

In most areas where fan systems are confined by the Orca Ridge and/
or internal palaeobathymetry (Figs. 6, 7 and 9), fan systems and fan
lobes are relatively uniform in internal seismic character and generally
lack intricate element-scale seismic architectures like those observed in
other fan systems such as the Sea Lion, Casper, Zebedee, and Beverley
Fan Systems (Dodd et al., 2019, 2022). This is interpreted to suggest the
presence of thickly bedded tabular sandstone and mudstone deposits
comprising these fan systems and fan lobes. These systems are directly
analogous to examples of ponded basins such as the Auger Basin on the
central Gulf of Mexico slope (Sinclair and Tomasso, 2002 and references
therein). For example, the coalescing lobes of LC2 in the basin centre are
frontally confined against the western edge of the Orca Ridge (Fig. 9d).
These lobes form directly east and down dip of a series of north-south
striking en-echelon faults (Fig. 9c), with these fundamentally defining
the break in slope and position of the channel-lobe transition zones
(CLTZs) in this part of the basin (Fig. 5; Mutti & Normark, 187; Wynn
et al., 2002, Brooks et al., 2018 and Dodd et al., 2022). The Orca Ridge
provided a significant intra-basinal high during this time, resulting in
the frontal confinement of transported sediments, which promoted
lobe-scale internal coalescing within these ponded systems and
compensational to aggradational stacking patterns.

5.4. Implications for hydrocarbon exploration

In terms of reservoir potential, palaeobathymetricallyinfluenced
deep-lacustrine fan systems, and particularly those systems that show
evidence for ponding, can deposit and preserve thick and laterally
extensive high quality sandstone successions, which typically deposited
in the distal and lateral parts of confined basin settings. Ultimately, the
scale and type of palaeobathymetrical influence on the sedimentary
systems controls’ sandstone distribution and reservoir quality in
confined deep-lacustrine basin settings.

At the basin scale, confined and contained basins, like that of the
Western Graben during LC1 and LC2 times (Figs. 6, 7 and 9), form
ponded sheet-like fan systems, particularly along the edges of the basin
(Figs. 7 and 9). These fans show alternating high and low seismic
amplitude architectures, which suggests the presence of stacked suc-
cessions of ponded sheet-like sandstones in fan areas (sensu Sinclair and
Tomasso, 2002) and intervening background hemi-limnic deposits in
interfan zones (sensu Dodd et al., 2019). However, ponded systems
contain thick intra-sequence mudstone caps, which have the potential to
form semi-regional baffles to fluid flow (Sinclair and Tomasso, 2002);
more-extensive hemi-limnic mudstones potentially form local seals. The
frontal confinement and ponding of the fan systems can form an element
of stratigraphic closure, with sand potentially trapped behind mid-basin
sills. In ‘confined and uncontained’ basins, such as the Western Graben
during LC3 times, basins become uncontained, and flows are able to
surmount confining topography and escape the basin. When structural
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features are surmounted, flow-stripping processes result in a significant
proportion of coarse-grained sediment deposited behind the structural
features. Subsequently, any sands retained within suspension were
potentially deposited in down-flow areas, possibly over the structural
high forming a potential trap type. This specific organisation may lead to
hydrocarbon potential within post-rift sediments deposited over, and
within, structural closures formed directly over intra-basinal structural
highs.

At the fan system, fan, and lobe scale, the influence of palae-
obathymetry ultimately controls the distribution of potential hydro-
carbon reservoir-quality rock types. The fan stacking pattern, which is
controlled at least in-part by the type and degree of system confinement,
will influence both the spatial and vertical distribution of reservoir
quality sandstones in the subsurface. Aggradational and compensa-
tionally stacked fan systems and fan lobes may prove to be more
attractive drilling targets than offset systems, as fewer wells are required
to characterise the former systems than the latter. Finally, at the lobe
and element scale, the influence of palaeobathymetry and specifically
the ponding of systems can result in more-sheet like deposits that are
laterally continuous and less laterally heterogeneous than compared
with their unconfined deep-lacustrine counterparts, which have been
shown to be highly heterogenous (Dodd et al., 2019, 2022).

6. Conclusions

This study provides an integrated analysis of the transitional and
early post-rift sedimentary fill of the Western Graben of the North
Falkland Basin. The main structural elements include the Western Flank,
Western Graben, and N-S striking Orca Ridge. The Western Flank rep-
resents a key sediment source for a series of confined deep-lacustrine fan
systems, which were deposited in the Western Graben during transi-
tional LC1 and early post-rift LC2 and LC3 times. A series of super sys-
tems, fan systems, lobes, and channel elements within the Western
Graben were identified, characterised, and described. Localised palae-
obathymetrical features in the Western Graben have influenced the
pathways of deep lacustrine fan systems along the slope and in the basin
centre. The degree and scale of confinement evolved during basin fill,
moving from a confined and contained system where sediment ponded
against the Orca Ridge during LC1 and LC2, to a confined and uncon-
tained system where flows were able to escape out of the Western
Graben and into the Eastern Graben during LC3. A series of laterally and
frontally confined fan systems within the LC1 and LC2 sub-units are
recognised, which were sourced through feeder channels that drained
into the basin from the Western Flank. The early part of LC3 represents
deposition during, and shortly following, a major lowstand event in the
basin, which is correlatable to the lowstand surface onto which the Sea
Lion fans were deposited in the Eastern Graben. Consequently, during
LC3 times the Western Graben experienced a period of low lake levels,
with a carbonate reef forming in shallow waters in the south, limited
deep-lacustrine fans in the deeper areas to the north of the reef, and the
early onset of delta progradation across the study area in the north-
ernmost areas. The Intra LC3 horizon marks a key change in depositional
environment in the study area, across which the study areas transitions
from a deep-lacustrine basin to a deltaic environment by late LC3 times.
Palaeobathymetry is shown to have exerted a strong influence over the
distribution of deep-lacustrine fan systems and associated sandstones
distribution across the Western Graben. This study demonstrates the
effects of confinement on the spatial and temporal distribution, multi-
scale character, and individual architectural elements of deep lacus-
trine fan systems. Understanding the scale and role of palaecobathymetry
upon the distribution and character of interacting deep-lacustrine fan
systems and fans is important as these basins form important hydro-
carbon plays/basins worldwide.
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