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ABSTRACT

The depositional architecture of submarine fans in rift basins is significantly controlled by complex
geomorphology created by widespread normal faults, presenting a key challenge in deep-water sedi-
mentology. Although extensive previous studies have established depositional architectures and sand
body distribution patterns of transverse submarine fans controlled by graben boundary faults and
interbasin transfer zones, research on how axial submarine fan architecture responds to intra-graben
slope gradients and evolving transverse confinement remains inadequate. This study takes the Upper
Jurassic B4 oil group in the North Sea X Oilfield as an example. By using 3D seismic data, cores and
logging data to restore paleo-geomorphology and dissect depositional architecture, and further reveal
the controls of intra-graben paleo-geomorphic variations on axial submarine fan depositional archi-
tecture. Our analysis shows that the paleogeomorphology in the study area features axial stepped slope
breaks and phased evolution in transverse confinement. As the axial slope transitions from extremely
steep slope segments to steep slope segments, slope transition zones and gentle slope segments,
turbidity currents evolve from supercritical to subcritical states through hydraulic jumps, while
generating divergent flows. This progression drives architectural transformation from sediment bypass,
incised channel-overbank systems, distributary channels and channelized lobes to lobes. Concurrently,
phased transverse confinement evolution controls vertical stacking characteristics of individual chan-
nel-lobes: early asymmetric stages produce lateral migration stacking; middle symmetric stages
develop unordered compensational stacking; and late locally confined stages form deflected retro-
gradational stacking. We propose a dynamic submarine fan depositional architecture response model,
which emphasizes how evolving paleo-geomorphology directly controls spatiotemporal configurations
of architectural elements by altering gravity flow pathways and energy distribution, and is further
modified by feedbacks where the deposits themselves become influencing topographic elements. It
provides a new perspective for deep-water depositional models and reservoir prediction in areas with
similar geomorphic settings.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Submarine fans, as important products of gravity flow sedi-
mentation, have attracted attention due to their rich hydrocarbon
resource potential (Mutti, 1977; Normark et al., 1998; Shanmugam,
2016). They are widely distributed across basins with diverse
tectonic settings (Shanmugam and Moiola, 1988; Weimer and
Link, 1991), including rift basins within divergent plate margins
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basins (Chen et al., 2024a, 2024b; Zhang et al., 2016), forearc basins
(Higley, 2004) and foreland basins (Bell et al., 2018; Moody et al.,
2012). Among these, rift basin-type submarine fans exhibit
extremely complex sedimentary characteristics due to the influ-
ence of widely distributed normal faults, making them a hotspot in
deep-water sedimentation research (Gawthorpe et al., 1993; Gupta
et al.,, 1999; Nyiri et al., 2021; Steventon et al., 2021).

Within rift basins, gravity flow deposits can be transported
along fault strikes to form axial submarine fans or perpendicular to
fault strikes to form transverse submarine fans (Henstra et al.,
2017; Leeder and Gawthorpe, 1987). Previous studies have
focused on the impact of graben boundary faults on the sedi-
mentary characteristics of rift basin-type submarine fans. Under
the influence of these faults, axial submarine fans transport along
the strike of graben boundary faults toward low-lying areas of
slopes, typically exhibiting extensive sand body distribution, large-
scale features, vertical aggradation or compensational stacking
within the fan, and good sand body connectivity (Prosser, 1993;
Steventon et al., 2021; Taylor et al., 2020; Tian et al., 2024). In
contrast, transverse submarine fans transport along fault dip di-
rections toward topographic lows, with shorter sand body exten-
sions, smaller scales, predominantly vertical aggradation or
retrogradational stacking within the fan, and isolated geometries
between individual fans on the plane (Gawthorpe and Leeder,
2000; McArthur et al., 2016; Privat et al., 2024; Prosser, 1993;
Ravnas and Steel, 1998; Sharp et al., 2000). However, localized
topographic variations within grabens or half-grabens (i.e., intra-
graben features such as slope gradient change and growth faults)
can alter the direction and fluid state of gravity flow (Ge et al.,
2018; Kneller, 1995; Postma and Cartigny, 2014), that directly
control the evolution and stacking patterns of submarine fan
sedimentation. In comparison with the role of large-scale graben
boundary faults, the intra-graben paleo-geomorphology has not
been adequately studied. Although recent studies on transverse
submarine fan systems within the Heather and Draupne forma-
tions of the North Sea Viking Graben have emphasized the role of
closely spaced fault terraces within half-grabens (Jackson et al.,
2011; Tillmans et al., 2021). These studies indicated that the
transfer zones between closely spaced fault terraces can alter local
transport routes of channelized lobes, the footwalls of faults can
act as major stacking zones of channelized lobes with thick sand
bodies and patchy geometries rather than lobate-like. But to date,
there remains no documented research on how intra-graben
paleo-geomorphological variations in slope gradient and
confinement control the depositional architecture of axial sub-
marine fans in rift basins.

The Moray Forth Basin in the North Sea, UK, experienced syn-
rift phases during the Mesozoic (Cowie et al., 2005; Underhill
and Richardson, 2022). In this paper, taking the axial submarine
fan deposits in the Upper Jurassic rift setting of the X oil field in the
Moray Forth Basin (McKinnon, 2013; Taylor et al., 2020) as an
example, we comprehensively applied data from cores, well logs,
and 3D seismic data to elucidate the controlling mechanisms of
intra-graben paleo-geomorphology on axial submarine fan archi-
tecture, and further establish corresponding depositional models.
This work enhances the theoretical framework of rift basin axial
fan depositional architecture under paleo-geomorphic controls
and provides guidance for refined reservoir prediction in similar
hydrocarbon fields.

2. Geological setting
The Moray Forth Basin, situated in the Central North Sea area,

represents a significant component of the Mesozoic triple-rift
system in the North Sea (Coward et al., 2003). During the Late
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Jurassic syn-rift period, the Moray Forth Basin developed
numerous NE-SW and NW-SE trending normal faults following
two distinct phases of rift extension (Erratt et al., 1999; Patruno
et al., 2021). The study area is located within the Buchan Graben
on the slope zone of the Moray Forth Basin, covering approxi-
mately 111 km? in an offshore region situated about 50 km from
the Scottish mainland (Ray et al., 2010) (Fig. 1(a)). Two approxi-
mately E-W trending confined graben boundary faults flank the
northern and southern margins of the study area, while the graben
interior contains multiple growth faults and a complex fault sys-
tem (Dore and Robbins, 2005; Ray et al., 2010; Taylor et al., 2020)
(Fig. 1(b)).

The Upper Jurassic reservoirs in the study area are primarily
composed of the BZ Sandstone Member within the lower Kim-
meridge Clay Formation (Guariguata-Rojas and Underhill, 2017)
(Figs. 1(c) and 2), which is subdivided into five oil groups (BO, B1,
B2, B3, B4) from its base to the top (Ray et al., 2010), corresponding
to third-order genetic sequences ]62-J66 (Copestake and
Partington, 2023; Partington et al., 1993) (Fig. 2). Previous
studies indicate that during the deposition of the BZ Sandstone
Member, deltaic and shallow-marine sandy sediments sourced
from the Grampian Spur in the southwest were transported via
gravity flows along the slope into the study area (Fig. 1(a)), forming
typical deep-water axial channel-lobe systems in the study area
(Patruno et al., 2021; Underhill, 1998; Fraser et al., 2003). The
target interval of this study is the B4 oil group, which was
deposited during a syn-kinematic setting. This period was also
characterized by relatively low sea level, arid climatic conditions in
the provenance area, and strong erosion (Hesselbo, 2008; Hesselbo
et al., 2009) (Fig. 2). The sand-rich sediment supply delivered by
event floods resulted in a very high net-to-gross ratio throughout
the B4 oil group. Within the B4 oil group, we hierarchically sub-
divided it into three sand groups (corresponding to channel-lobe
systems), five sub-zones (corresponding to channel-lobe complex
sets) and eleven single zones (corresponding to channel-lobe
complexes) (Fig. 3). Each channel-lobe complex within a single
zone may contain several individual channel-lobes.

Overall, the submarine fan within the target interval of the
study area is composed of architectural elements including
channel, overbank, and lobe. Sediment bypass occurs in the up-dip
direction of the western study area, with sand bodies primarily
deposited in the central and eastern regions (McKinnon, 2013;
Taylor et al., 2020). The lithology of sand bodies is dominated by
medium-fine sandstone with good sorting and low clay content.
Weakly compacted reservoirs exhibit superior physical properties,
showing an average porosity of approximately 24% and average
permeability around 1600 mD, with some reservoir intervals
demonstrating permeability exceeding 10,000 mD.

3. Data and methods
3.1. Data

This study utilized a comprehensive dataset comprising core
samples, well logs, and seismic data. A total of 74 wells penetrates
the target interval within the study area, with an average well
spacing of approximately 1000 m (due to confidentiality concerns,
well locations and well names have been partially displayed and
modified, and all well depths have been converted to a normalized
depth scale starting from O at the top of the target interval. The
original absolute depths are not disclosed. All wells possess stan-
dard suite well log data, including gamma ray (GR), acoustic in-
terval transit time (AC), density (DEN), resistivity (RT), neutron
porosity (NEUTRON) and so on. Furthermore, core samples totaling
approximately 3583 ft were acquired from the target interval in 12
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Fig. 1. Geological overview maps of the study area. (a) Map showing the regional structural framework of the Upper Jurassic in the Moray Forth Basin, North Sea, UK. The tectonic
location of the study area is highlighted with a dark blue frame (modified after Ray et al., 2010). (b) Target interval top structure map showing the fault type, well location, and the
study area boundary which also defines the seismic data extent (For confidentiality reasons, the structural map uses relative elevation depth, and only some of the well locations
have been displayed). (c) Seismic profile and interpretation showing location of the study area, main faults and stratigraphic distribution characteristics. See Fig. 1(a) for the
location of the cross-section (modified after Taylor et al., 2020). TWT = two-way time.

of these wells. High-resolution photographs of cores were taken to
facilitate detailed observation. The seismic data, covering the
entire study area, reveals that the Upper Jurassic target interval
exhibits a bandwidth of 3-70 Hz with a dominant frequency of
31.5 Hz, yielding a vertical resolution of approximately 70 ft. The
post-stack 3D seismic volume is displayed with negative polarity
(SEG standard). Consequently, on the seismic profiles presented in
this paper, an increase in acoustic impedance is characterized by a
red (trough) reflection.

3.2. Methods
3.2.1. Paleo-geomorphological restoration

During the deposition period of the target interval, the study
area remained in a deep-water disequilibrium continental slope
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environment. Erosion was absent, and terrigenous clastic sedi-
ment supply was abundant, resulting in an overfilled sedimentary
state. Furthermore, considering the abundance of seismic and well
log data available within the study area, the impression method
was applied for quantitative paleo-geomorphological restoration
(Jin et al., 2017; Lyu et al., 2022; Tang et al., 2023; Yu et al., 2022).
The specific steps including (Jiang, 2018).

i) Selection of target horizons and an isochronous datum:
Detailed seismic structural and horizon interpretation was
conducted through well-to-seismic calibration. Within the
target interval, three seismic horizons corresponding to the
base of the LB4, MB4, and UB4 sand groups were tracked
(Fig. 4), serving as the target horizons for paleo-
geomorphological restoration. Above the target interval,
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Fig. 2. Stratigraphic columns for the study area illustrating the regional lithostratigraphy (Ray et al., 2010), biostratigraphic zonation scheme (Partington et al., 1993), climate
curve (Hesselbo et al., 2009), relative sea-level changes (Hesselbo, 2008), and sequence stratigraphy (Partington et al.,, 1993). (Modified after Taylor et al., 2020). The wavy lines
represent regional unconformities, and the grey-shaded area is the target interval. Fm. = formation; mfs = maximum flooding surface; Sst = sandstone; Mbr = member.

the seismic event representing the base surface of ]72
sequence was identified (Fig. 4). No unconformity exists
between this surface and the underlying target interval, and
the thickness of the overlying strata exhibits minimal vari-
ation. This indicates relatively subdued topography during
the depositional period of this surface, qualifying it as an
isochronous datum.

ii) Compaction correction: To restore the original sediment
thickness, we applied compaction corrections accounting
for lithology-dependent compaction. The depth-porosity
relationship for each major lithology (shale, sandstone,
carbonate) follows an exponential decay function Eq. (1):

(1)

(—cx2)

?(z) = Po€

where ¢, is porosity at burial depth, %; z is burial depth, km; ¢ is
initial depositional porosity, %; ¢ denotes the compaction coeffi-
cient, fraction. The parameters ¢y and ¢ were adopted from the
well-established North Sea basin models of Sclater and Christie
(1980) for lithological consistency: shale: ¢g = 63%, ¢ = 0.51,
sandstone: ¢ 49%, ¢ = 0.27, carbonate (chalk): ¢o = 70%,
¢ = 0.71. These values were integrated with our well log-derived
lithology proportions maps to apply lateral variable decom-
paction across the study area.

The study area has complex lithological combinations, and the
overall restored thickness of the strata is expressed as Eq. (2) (Liu
et al.,, 2025):

i=1

hoi

T o) (2)

Zn: (1 - fﬂ(z)i) X

i=1
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where H is the restored thickness of the whole stratum, m;i =1, 2,
3 ... n, represents the number of single lithology layers, fraction; h;
is the restored thickness for a single lithology layer, m; hg is the
present thickness of a particular lithology, m; ¢ ,); is the porosity at
burial depth z for a single lithology layer, %; ¢q; is initial deposi-
tional porosity for a single lithology layer, %. By summing the
restored thickness of each layer, it is possible to calculate the
restored thickness of the whole stratum.

iii) Growth fault correction: Given the presence of growth faults
within the study area, 94 approximately east-west striking
normal faults were identified using variance attribute
analysis. Based on the ratio of stratigraphic thickness be-
tween opposing fault blocks, 6 growth faults were recog-
nized (Fig. 1(b)), and their respective growth indices were
determined. The hanging-wall restored thicknesses were
corrected based on growth index of growth faults, effec-
tively removing the syn-depositional tectonic thickening.

Following these corrections, the relative paleo-geomorphology
prior to the deposition of each sand group was restored. From
these surfaces, slope gradients were quantified by extracting
topographic profiles along the source direction and calculating the
average gradient over specific segments.

3.2.2. Depositional architecture dissection

The high-resolution isochronal stratigraphic framework, which
serves as the foundation for the subsequent architectural analysis,
was established through a method of “well-seismic integration,
hierarchical constraint, model guidance, and dynamic-static
combination”. Specifically, sand-group level correlations were
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Fig. 4. Approximately west-east oriented seismic profile illustrating the target horizons (Base LB4, Base MB4 and Base UB4) and isochronous datum (Base ]72 sequence) employed
for paleo-geomorphological restoration. BCU= Base Cretaceous Unconformity. Section locations are shown in Fig. 1(b).

first constructed using well-seismic integration. Within this
framework, sub-zone and single zone-level divisions were further
refined based on the identification of Ilaterally continuous
mudstone separators, assisted by chemostratigraphic data and
production dynamic data where available. The retrogradational
stacking pattern provided additional chronostratigraphic con-
straints (Fig. 4). This framework was validated through multiple
cross-well section correlations to ensure accuracy and lateral
consistency.

Based on this high-resolution stratigraphic framework, the ob-
ject of this architecture dissection is the individual channel-lobe
within each single zone channel-lobe complex. However, con-
strained by the low dominant frequency of seismic data and com-
plex fault development in the study area, the direct application of
conventional seismic attributes (such as RMS amplitude or attribute
fusion) for analyzing the internal architecture of submarine fans is
not feasible. To fully exploit well and seismic information, this study
first employs a frequency division inversion method based on a fine
isochronal stratigraphic framework to predict sand body distribu-
tion, so as to clarify the architecture distribution characteristics of
channel-lobe complexes. Subsequently, the lateral boundaries of
individual channel-lobe are identified based on lateral thickness
variations within the channel-lobe complexes. This approach en-
ables architecture dissection at the scale of individual channel-lobe.
The specific methods are as follows.

(1) Prediction of sand body distribution in single zone chan-
nel-lobe complexes

Sand body distribution prediction was conducted utilizing
frequency division inversion, constrained by the single zone
isochronous stratigraphic framework. The study area exhibits
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considerable complexity in lithotypes. Sandstones include loose
high-porosity sandstones, uncemented sandstones, and calcite
cemented sandstones. Argillaceous rocks comprise mudstones and
mudstones interbedded with thin layers of cemented sandstone.
Although the GR log effectively distinguishes between sandstone
and argillaceous rock, correlation analysis between acoustic
impedance (Al) data and GR log values reveals a poor relationship.
Specifically, this is an overlapping range of GR and Al values be-
tween uncemented sandstones and mudstones, making it chal-
lenging to effectively identify sandstone solely through inversion
of the GR log. However, the DEN log demonstrates effective
discrimination between loose high-porosity sandstones, unce-
mented sandstones, and calcite cemented sandstones. Therefore,
to integrate the strengths of both logs, a lithology curve (Lithlog)
was constructed. Its expression is as follows:

Lithlog — (G}SR ) y <1 DEN
max

- DENmax)
where GR denotes the Gamma ray log value, API; GRpyax is the
maximum GR log value at the shale baseline, assigned a value of
300 API, DEN denotes the Density log, g/cm?; DENpax is the
maximum DEN log value for calcite cemented sandstone, assigned
a value of 3 g/em®.

Analysis of Lithlog alongside well-derived Al data demonstrates
that distinct lithotypes generally correspond to distinct intervals of
Al values (Fig. 5(a)). Thus, Lithlog can be employed as the inversion
curve to effectively identify sandstones.

Secondly, although the seismic data within the study area ex-
hibits a relatively low dominant frequency, it possesses a consid-
erable effective bandwidth (3-70 Hz). Exploiting seismic
information across different frequency bands, particularly higher

(3)
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Fig. 5. (a) Cross spots of Lithlog values versus acoustic impedance values for different lithologies, showing distinct Al intervals. (b) Probability distribution curves of inversion
attribute values versus occurrence probability for sandstone and mudstone, illustrating that sandstone probability rises with decreasing inversion attribute values below 0.45 and
approaches 100% when the values are less than 0.25. (c¢) Cross-well seismic inversion profile of target interval (profile location shown in Fig. 5(e)), where decreases in inverted
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three-dimensional sand-shale model. (e) Lateral thickness gradient map of the single zone MB4-4-2.

frequencies, is essential for predicting sand body distribution
within channel-lobe complexes. Frequency division inversion
represents an effective methodology for this purpose (Li et al,,
2019). Three optimal frequency volumes at 15, 35, and 70 Hz
were selected for predicting relatively thick sand bodies (about
140 ft), moderately thick sand bodies (about 60 ft), and relatively
thin sand bodies (about 30 ft), respectively. Then, an intelligent
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algorithm based on Support Vector Regression (SVR) was
employed to construct a predictive model relating the Lithlog
curve to well-side seismic traces within these three frequency
bands, thereby enabling seismic frequency divided inversion. By
extracting inversion attribute values from well-side traces and
conducting probabilistic statistical analysis against actual lith-
otypes, the results reveal that the inversion volume exhibits
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favorable sandstone identification performance. When the inver-
ted attribute value falls below 0.25, the probability of sandstone
reaches 100% (Fig. 5(b)).

Finally, building upon the seismic frequency division inversion
results (Fig. 5(c)) and fully using well information, sand body
distribution within channel-lobe complexes was predicted. A
three-dimensional stratigraphic-structural model was constructed
through well-seismic integration, constrained by the single zone
isochronous stratigraphic framework and fault interpretation re-
sults. Employing the Cokriging algorithm, with interpreted sand
body data from individual wells as hard data and the seismic
inversion volume as soft data, a three-dimensional sand-shale
model reflecting the spatial distribution of sand bodies was
generated. This model subsequently enabled the extraction of sand
thickness distribution maps for the channel-lobe complexes
within the study area (Fig. 5(d)).

(2) Identification of individual channel-lobe

Individual channel-lobe typically exhibit a depositional
morphology characterized by thicker centers and thinner margins.
The lateral amalgamation of successive individual channel-lobe
within a complex result in a lateral thickness pattern of “thick—
thin-thick” in the composite sand body (Fig. 5(d)). By using this
characteristic, the lateral boundaries of individual channel-lobe
were delineated on the basis of the predicted sand body distri-
bution map of the channel-lobe complex. This involved detecting
lateral variations in thickness difference across inter-well facies
transition zones using a specific parameter, the lateral thickness
gradient (G). This parameter is defined as the derivative of sand
body thickness taken perpendicular to the dominant source di-
rection, expressed as Eq. (4):

(hm - hj—l)
2Ay

(4)

ij =
where G;; denotes the lateral thickness gradient at grid cell (i,j),
fraction; h denotes the sand body thickness, ft; y denotes distance
along cross-source direction, m; Ay denotes grid cell size in y-di-
rection, m; Subscripts j— 1, j, j+ 1 denotes adjacent grid cells
along y direction, fraction.

The sign of G;; provides diagnostic insights into depositional
positioning, when G; ; > 0 indicates southward thinning of the sand
body, signifying a location within the northern individual chan-
nel-lobe. G;; < 0 indicates northward thinning of the sand body,
signifying a location within the southern individual channel-lobe.
Gij = 0 correspond to local thickness minima, interpreted as lateral
boundaries between adjacent individual channel-lobes.

Based on the zero-value distribution of G;; and integrated with
dynamic data, the lateral boundaries of individual channel-lobes
were identified (Fig. 5(e)). Building upon the identified lateral
boundaries of individual channel-lobes, lithofacies types and
characteristics in the study area were investigated through sys-
tematic observation and description of abundant core data
(including lithology and sedimentary structures). Architectural
elements were further identified by integrating these findings
with characteristic well-log responses. Concurrently, multi-well
cross-section analysis was employed to examine the stack re-
lationships of individual channel-lobes.

On this basis, quantitative scale of individual channels and
lobes were measured and calculated. The specific parameters and
their definitions are as follows. Bifurcation angle between dis-
tributary channels: the angle between the axial trends of two
distributary channels at their point of divergence. Average width of
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individual channels or lobes: the mean value of widths measured
at different planar positions perpendicular to the element's axis.
Average thickness of individual channels or lobes: the mean value
of thicknesses measured at different vertical positions. Maximum
length of individual channels or lobes: the longest straight-line
distance of an individual channel or lobe parallel to the source
direction. Maximum width of individual channels or lobes: the
greatest straight-line distance of an individual channel or lobe
perpendicular to the source direction.

4. Results

The development of Upper Jurassic channel-lobe systems in the
study area was preconditioned by active rifting, which created
complex fault-bounded topography and provided ample accom-
modation space. This was complemented by sustained sediment
supply, from the Grampian Spur, enabling the construction of
extensive submarine fans (Patruno et al., 2021; Ray et al., 2010;
Underhill, 1998). The following sections detail the paleo-
geomorphology that guided these systems and characterize their
internal architecture.

4.1. Paleo-geomorphological characteristics and evolution of the
study area

4.1.1. LB4 sand group

During the deposition of the LB4 sand group, the study area was
situated within a confined graben of the continental slope. Sig-
nificant paleo-geomorphic variations were observed across
different orientations. Axially, the study area was characterized by
stepped slope breaks, defined as zones of abrupt gradient decrease
downslope (steep-to-gentle) (Pohl et al., 2020; Wang et al., 2002).
The primary slope break developed approximately 500 m beyond
the western boundary of the study area, with its upper slope
forming a steep slope environment. Although seismic data for this
specific region were not acquired in this study, the slope gradient
of the upper slope was estimated at approximately 7.5° based on
the gradient ratio between this region and the study area from
previous seismic profiles (Fig. 1(c)) (Taylor et al., 2020). The study
area as a whole resided on the lower slope of the east-dipping
primary slope break, where two secondary slope breaks were
further developed.

The secondary slope break zone 1 (SSBZ1) occurred in the
central part of the study area (Fig. 6). Axially, the slope gradient
decreased rapidly from approximately 3.2° to about 0.4° across
this slope break zone (Fig. 7(a)). The width of SSBZ1 is about
0.15 km, with the upper slope of the SSBZ1 extending about 0.5 km
axially, while the axial length of the lower slope is approximately
1 km. Immediately east of the SSBZ1, the secondary slope break
zone 2 (SSBZ2) is developed, with the axial slope gradient
decreasing abruptly from approximately 2.8° to about 0.5°. The
width of SSBZ2 is about 0.2 km, with the upper and lower slopes of
the SSBZ2 both measuring roughly 2 km in axial length (Fig. 7(a)).

Transversely, the study area is bounded by growth faults F1-1,
F1-2, and F6 on its northern and southern margins, forming a
graben structure (Figs. 6 and 7(b)). These boundary faults exhibit a
throw of more than 600 ft. Under their strong confining influence,
the paleo-geomorphology manifested as a distinct graben. This
graben displays lateral asymmetry, characterized by a lower and
steeper southern topography with a transverse slope gradient of
approximately 4.3° and a higher and gentler northern topography
with a transverse slope gradient of about 0.7°, forming a narrow
strip-shaped trough nearly 4 km wide in the southern study area.
Within the graben, four growth faults were further developed,
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Fig. 6. Paleo-geomorphology prior to deposition of each sand group, from bottom to top being the LB4, MB4, and UB4 sand groups. The thicker purple line denotes the location of
the SSBZs, and the thinner white dashed line indicates the boundary between the upper and lower slopes.
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Fig. 7. Paleo-geomorphic characteristics and evolution prior to deposition of each sand group along-source direction (nearly W-E trending) (a) and cross-source direction (nearly
S-N trending) (b). The boxes hatched with red diagonal dashed lines denote the corresponding secondary slope break zones (SSBZs), where the slope gradient changes from steep
to gentle down-dip. The width of the boxes approximately corresponds to the width of the slope break zones. Section locations are shown in Fig. 6.

though their throws were relatively smaller than those of the
graben boundary faults, generally around 50 ft. Only the eastern
segment of fault F2 and the western segment of fault F3 had
throws exceeding 100 ft, exerting notable lateral confinement at
these high-throw sections (Fig. 7(b)).

4.1.2. MB4 sand group

During the deposition of the MB4 sand group, the paleo-
geomorphology of the study area developed inheriting character-
istics from the previous period (Fig. 6), influenced by the infilling
and leveling effects of the LB4 sand group. Axially, the SSBZ1and
SSBZ2 morphologies persisted, though the gradient of each slope
break zone decreased compared to the prior depositional stage
(Fig. 7(a)). In the central study area, within the SSBZ1 (width about
0.1 km), the axial slope gradient decreased rapidly from approxi-
mately 3.3° to about 0.1°, with the upper slope extending
approximately 0.5 km axially and the lower slope about 1 km.
SSBZ2 (width about 0.2 km) featured an abrupt axial slope
gradient reduction from approximately 1.3° to about 0.4°, where
the upper slope measures approximately 1.5 km, and the lower
slope 2 km in axial length (Fig. 7(a)).
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Transversely, the asymmetry of the paleo-geomorphology was
diminished, manifested as a southern transverse slope of
approximately 3° and a northern transverse slope of about 0.5°.
The throws of both the graben boundary faults and internal
growth faults remained consistent with those of the previous
period, continuing to exert lateral confinement effects (Figs. 6 and
7(b)).

4.1.3. UB4 sand group

During the deposition of the UB4 sand group, further influ-
enced by the infilling and leveling effects of the MB4 sand group,
the paleo-geomorphology of the study area showed significant
differences from the previous period (Fig. 6).

Axially, the SSBZ2 morphology was largely infilled, leaving only
the SSBZ1 (Fig. 6). Furthermore, an approximately 2 km long and
50 ft high hump developed within the eastern of this SSBZ1. In the
central study area, the SSBZ1 (width about 0.1 km) featured an
upper slope with an axial slope gradient of approximately 2° and
axial length of about 0.5 km, while its lower slope (including the
hump) shows an axial slope gradient of about 0.3° and extends
about 5 km (Fig. 7(a)).
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Transversely, the geomorphology of the study area transformed
into a symmetrical graben. Except for the graben boundary faults
F1-1, F1-2, F6 and the internal fault F3, which continued to exert
lateral confinement, all other growth faults were filled in and no
longer exerted confining effects (Figs. 6 and 7(b)).

4.2. Architectural characteristics of the submarine fan in the study
area

4.2.1. Types and characteristics of architectural elements

Submarine fan depositional processes are highly complex,
involving transformations in fluid type within gravity flows during
transport (Bouma, 1962; Lowe, 1982; Shanmugam, 1996, 1997;
Shanmugam et al, 1985; Zhang et al., 2015). Consequently, sig-
nificant variations exist in lithofacies types and morphological
features among distinct architectural elements, leading to corre-
sponding differences in well-log response characteristics and the
planar distribution of sand bodies (Zhang et al., 2016). Through
systematic core observation and description, eleven lithofacies
types were classified in the submarine fan of the study area (Fig. 8).
Based on the combinatorial characteristics of these lithofacies,
well-log responses, and the planar geometry of sand bodies, three
principal architectural elements (channel, overbank, and lobe)
along with hemipelagic mudstone were identified within the
submarine fan. The defining characteristics of each architectural
element were subsequently determined (Fig. 9).

(1) Channel

Description. The lithofacies association exhibits a typical
fining-upward succession (Fig. 9(a)). From base to top, it is pre-
dominantly characterized by thick-bedded (up to more than 30 ft)
massive very coarse sandstone, massive coarse sandstone, normal
grading medium-coarse sandstone, and parallel-bedded fine
sandstone (Fig. 8(a)-(c) and (g)). Locally developed at the base are
massive very coarse or coarse sandstone with mud clasts or
erosional surface (Fig. 8(b)). On the density log, this succession
displays a bell shape with a deflection potentially developing at
the base (Fig. 9(a)).

Interpretation. Channels serve as the primary pathways for
gravity flow transportation and deposition. Erosional structures at
the base, which may include irregular mud clasts, indicate sig-
nificant erosive capacity during gravity flow transport (Allen,
1982; Li et al., 2017; Normark, 1970). Massive very coarse sand-
stone or normal grading medium-coarse sandstone is deposited
above the erosional structures, where the latter corresponds to the
Ta division of the Bouma sequence (Bouma, 1962). Given the high
frequency of normal grading within the basal coarse sandstones in
cored intervals, coupled with thin-section observations revealing
moderately to well-sorted sandstones with low matrix content
(typically less than 3%), these deposits are interpreted as high-
density turbidity current deposits, as defined by Lowe (1982).
The Ta divisions observed in core, characterized by erosional bases
and upward development of structureless coarse-tail graded sed-
iments deposited (Fig. 9(a)), indicate hindered settling in high-
density turbidity currents potentially triggered by hydraulic
jumps (Postma et al., 2009). Furthermore, the parallel-bedded fine
sandstone at the top corresponds to the Tb division of the Bouma
sequence, signifying waning flow energy during the terminal
phase of channel filling (McHargue et al., 2011; Tian et al., 2023).
The successions of these facies, specifically the top-cut-out Bouma
sequences composed of Ta to Tb divisions from base to top
(Fig. 9(a)), can be interpreted as typical supercritical turbidity
current deposits formed down the lee face of cyclic steps (Postma
and Cartigny, 2014; Postma et al.,, 2014; Ventra et al.,, 2015),

1147

Petroleum Science 23 (2026) 1138-1158

although the core scale often captures individual depositional
units rather than the full bedform set.

(2) Overbank

Description. The lithofacies association is dominated by
horizontal-bedded mudstone (Fig. 8(1)) interbedded with thin
(typically less than 4 ft) layers of massive fine sandstone, massive
very fine sandstone, parallel-bedded very fine sandstone, or cross-
bedded very fine sandstone (Fig. 8(d) and (i)-(k)). This lithofacies
association is characterized by a serrated shape in the gamma ray
log (Fig. 9(b)).

Interpretation. Overbanks are defined as thin-layered deposits
developed along the channel flanks, formed by the overflow of
turbidity currents from the channel (Kane et al., 2007;
Posamentier and Walker, 2006). The cross-bedded very fine
sandstone and parallel-bedded very fine sandstone correspond to
the Tc and Td divisions of the Bouma sequence, respectively, which
indicates a process of slow deposition as turbidity current energy
decrease (Beaubouef, 2004; Kane et al., 2007).

(3) Lobe

Description. The lithofacies association within the lobe main
body predominantly exhibits coarsening-upward successions or
homogeneous successions (Fig. 9(c)). From its base to the top, it is
characterized by thick-bedded (averaging about 30 ft, up to 100 ft)
massive fine sandstone and reverse grading fine sandstone
(Fig. 8(d) and (f)). Mudstone occurs rarely within this interval, and
erosional surfaces are typically absent at the base. The density log
response displays a funnel or cylindrical shape (Fig. 9(c)). How-
ever, toward the lobe margins, the lithofacies association transi-
tions to finer-grained, thinner-bedded deposits with significantly
increased mudstone frequency. This association consists of
moderately thick interbeds (generally less than 10 ft) of massive
fine or very fine sandstone, parallel-bedded very fine sandstone,
and cross-bedded very fine sandstone (locally containing dish
structures) (Fig. 8(e)), alternating with horizontal-bedded
mudstone. While the gamma ray log also exhibits alternating cy-
lindrical and serrated shapes (Fig. 9(d)). Furthermore, in the
channel-lobe transition zone (CLTZ), a distinct architectural
element known as the channelised lobe is developed. It is char-
acterized by a composite stacking pattern, where typical lobe de-
posits (massive or reverse-graded sandstones) are overlain by
channelized deposits (erosive-based, fining-upward sequences)
(Zakaria et al., 2013).

Interpretation. Compared to channel deposits, lobes exhibit
finer grain size and lack basal erosional feature, indicating a rapid
decrease in turbidity current energy, enabling only finer-grained
transportation (Deptuck et al., 2008; Mutti and Normark, 1987).
However, the presence of reverse grading fine sandstone is a
common feature associated with the transformation of high-
density turbidity currents upon entering unconfined topography.
It likely records rapid deposition from the flow head or a dense
basal layer during initial flow expansion and deceleration (Lowe,
1982; Postma et al., 2014). The lobe facies association character-
ized by lack of basal erosional features and dominance of the Tb
division of the Bouma sequence formed through steady deposition
represents deposition from accelerated subcritical flows following
hydraulic jumps of supercritical turbidity currents (Postma et al.,
2014). At the lobe margins, the well-developed laminated sand-
stones, corresponding to the Tc division of the Bouma sequence,
and their internal dish structures evidence rapid sediment accu-
mulation following abrupt energy dissipation of turbidity currents
(Allen, 1981; Lowe and LoPiccolo, 1974). The development of
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FracTech
Plug

Fig. 8. Core photographs displaying the lithofacies described in the text. (a) Oil-bearing massive very coarse sandstone. Well P9 at 134.7 ft. (b) Oil-bearing massive coarse
sandstone with mud clasts (yellow dotted circle) and erosional surface (red dotted line). Well P1A at 222.4 ft. (c) Oil-bearing normal grading medium-coarse sandstone. Well D5 at
62.5 ft. (d) Massive fine sandstone. Well W1 at 261.3 ft. (e) Massive fine sandstone with dish structure. Well W1 at 268.9 ft. (f) Reverse grading fine sandstone. Well D5 at 194.9 ft.
(g) Oil-bearing parallel-bedded fine sandstone. Well P8 at 363.7 ft. (h) Oil-bearing cross-bedded fine sandstone. Well W1 at 290.2 ft. (i) Oil-bearing massive very fine sandstone.
Well P1A at 167.4 ft. (j) Oil-bearing parallel-bedded very fine sandstone. Well P1A at 152.9 ft. (k) Oil-bearing cross-bedded very fine sandstone. Well P1A at 91.1 ft. (1) Horizontal-
bedded mudstone with intercalated thin layers of siltstone (white arrows). Well Z2 at 197.6 ft.

channelised lobes within the CLTZ records a key genetic transition
marked by later turbidity currents concentrating and incising
channels into pre-existing lobe deposits, guided by their subtle
topography (Lin et al., 2014; Prélat et al., 2009).

4.2.2. Areal distribution characteristics of individual channel-lobe
Based on the interpretation of well architectural element types
(Fig. 9) and combined with the areal distribution of sand bodies
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within each single zone (Fig. 10), this study identifies that the
channel-lobe complexes within different sand groups in the study
area are composed of one or multiple individual channel-lobes
(Fig. 11). These individual channel-lobes exhibit both similarities
and certain differences in their areal distribution characteristics.
The similarities in areal distribution are manifested as deposi-
tional bypass in the up-dip direction for almost all individual
channel-lobes (Fig. 11). In these up-dip bypass areas, which
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Fig. 9. Core and log response characteristics of different architectural elements in the submarine fan of the study area (well locations are shown in Fig. 11): (a) channel in Well
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Fig. 10. Sand thickness distribution maps of typical single zones in the study area: (a) single zone LB4-1-2; (b) single zone LB4-2-2; (c) single zone LB4-2-3; (d) single zone MB4-

4-2; (e) single zoneMB4-5-2; (f) single zone UB4-6-1.

consistently correspond to thin or zero sand thickness in Fig. 10,
the well logs show distinctive signatures characterized by
serrated, low-amplitude log facies with thin, finger-like sand
bodies embedded within a mud-dominated background
(Stevenson et al., 2015; Sullivan et al., 2000). A representative
example can be found in well P27 at single zone MB4-4-2
(Fig. 12(b)). The presence of these bypass facies is consistently
supported by the development of well-defined channels imme-
diately downdip. Along with same evolutionary features of
architectural elements along the source direction. In the proximal
area, submarine fans comprise low-sinuosity belt-shaped chan-
nels flanked by overbanks. The channels exhibit a flat top and
convex bottom morphology, potentially incising into underlying
strata, while overbanks develop laterally adjacent to the channel
margins, which is a common characteristic described in analogous
fan systems (Chapin, 2007; McHargue et al., 2021; Sullivan et al.,
2000). In mid-distal area, channels may bifurcate to form dis-
tributary channels and develop channelized lobes (Fig. 11(b)-(d),
(e)), where channelized lobes result from successive channel
stories incising and overlapping onto preexisting lobe stories
(Zhang et al., 2016). In distal area, the ends of channelized lobes
develop fan-shaped or tongue-shaped lobe deposits (Fig. 11),
showing a flat base and convex top morphology in cross-section.

The differences in areal distribution of individual chan-
nel-lobes among different sand groups are reflected in the
following aspects. Firstly, although almost all individual
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channel-lobes exhibit depositional bypass in the up-dip direction,
the initiation point of bypass progressively migrates towards the
structural highs in the western study area from lower to upper
single zones (Figs. 10 and 11), which is evidenced by the
concomitant westward migration of the zero-thickness line in the
sand thickness maps (Fig. 10). Secondly, within the LB4 sand group,
channel-lobe complexes have relatively small scale and primarily
comprise 1-3 individual channel-lobes (Fig. 11(a)-(c)). This is re-
flected in the sand thickness maps as isolated, limited-range thick
zones (Fig. 10(a)—(c)). From early to late depositional stages, their
distribution shifts gradually from the southeastern to northeastern
study area, and the orientation of the internal individual chan-
nel-lobes changes from nearly W-E (Fig. 11(a) and (b)) to SW-NE
(Fig. 11(c)) trends. In contrast, the MB4 sand group features
significantly larger-scale channel-lobe complexes composed of
4-5 individual channel-lobes (Fig. 11(d) and (e)). Correspondingly,
the sand thickness maps show extensive, high-amplitude thick
zones with greater lateral connectivity (Fig. 10(d) and (e)). Unlike
LB4, their distribution shows no obvious migration from early to
late stages, with internal individual channel-lobes extending
predominantly in nearly W-E trending or SW-NE trending. Within
the UB4 sand group, the complexes are consistently composed of
only 2 individual channel-lobes and exhibit a reduced areal extent.
Their distribution is confined to the relatively structurally high
northwestern part of the study area (Fig. 10(f)), contrasting with
the eastern distribution observed in lower sand groups, and the
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Fig. 11. Areal distribution of individual channel-lobes within typical single zones in the study area: (a) single zone LB4-1-2; (b) single zone LB4-2-2; (c) single zone LB4-2-3; (d)
single zone MB4-4-2; (e) single zone MB4-5-2; (f) single zone UB4-6-1. The purple line denotes the location of the SSBZs, and the white dashed line indicates the boundary

between the upper and lower slopes.

orientations of the individual channel-lobes are uniformly nearly
SW-NE trends (Fig. 11(f)).

4.2.3. Vertical stacking characteristics of individual channel-lobes

Vertically, individual channel-lobes exhibit distinct stacking
patterns that vary period to period, reflecting different intra-
graben conditions. These patterns can be interpreted within
established models of deep-water deposition (e.g., Chapin et al,,
1994; Prélat et al., 2009; Zhang et al., 2016). Within the LB4 sand
group, individual channel-lobes display significant lateral migra-
tion and stacking, progressively shifting northward from the
southern part of the study area with high migration intensity with
relatively limited overlap between individual channel-lobes
(Fig. 12(a)). In contrast, the MB4 sand group exhibits relatively
weaker lateral migration of individual channel-lobes from bottom
to top, with these elements primarily showing compensational
stacking (Fig. 12(a)). Within the UB4 sand group, lateral migration
is further reduced, characterized dominantly by vertical aggrada-
tional stacking. Notably, however, the entire UB4 sand group dis-
plays a progradational stacking pattern retrograding in the source
direction compared to the MB4 sand group (Fig. 12(b)), which
confines the distribution of individual channel-lobes within the
northwestern part of the study area (Fig. 11(f)).
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4.2.4. Scale characteristics of individual channels (and lobes)
within individual channel-lobes

Based on the quantitative measurements of individual channels
and lobes, statistical analysis reveals the following scale charac-
teristics and relationships.

In the study area, bifurcation angles between distributary
channels range from 23° to 46°, with an average of approximately
36° (Fig. 13(a)). The average width of individual channels ranges
from 0.4 to 0.6 km, the average thickness ranges from 5 to 30 m,
and the average width to thickness ratio is approximately 54
(Fig. 13(a)). Individual lobes in the study area exhibit two mor-
phologies: fan-shaped and tongue-shaped. For fan-shaped indi-
vidual lobes, the maximum length ranges from 1.2 to 4.3 km, the
maximum width ranges from 0.8 to 3.2 km, the average thickness
is approximately 52 ft, and there is a relatively high correlation
coefficient between the maximum length and maximum width
(Fig. 13(b)), with an average length to width ratio of approxi-
mately 1.4. However, tongue-shaped individual lobes have a
maximum length of 4.1-6.9 km, a maximum width of 1-3.1 km, an
average thickness of approximately 50 ft, and a relatively poor
correlation between the maximum length and maximum width
(Fig. 13(b)), with an average length to width ratio of approxi-
mately 3.2.



J.-T. Yu, S.-H. Wu, M.-M. Qi et al.

(a) P30 72

(b) P27 P39

GR DEN

o252

3 o 2152

GR DEN

s

50 ft

25ft

Channel

Overbank

Petroleum Science 23 (2026) 1138-1158

G12Y A5

GR DEN
02152 3

d
1.0 km

Growth faults

Lobe main body

Individual channel-lobe
boundaries

[

Lobe margin

]

Mudstone

Fig. 12. Cross-well profiles of individual channel-lobe architecture features along (a) and across (b) source directions in the study area. Profile locations are shown in Fig. 11(a).
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average length versus average width for individual lobes, where tongue-shaped lobes have length to width ratios more than 2 and fan-shaped lobes less than 2.

5. Discussion

5.1. Control of paleo-geomorphology on depositional architecture

of axial submarine fans

The formation and evolution of the submarine fan depositional
architecture are influenced by a combination of multiple factors,
consequently exhibiting complex distribution characteristics.
Although numerous previous research have demonstrated that the
depositional architectural features of submarine fans are affected
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by extra-basinal factors such as source type, sea-level, climate
change, and bottom currents (Chen et al., 2024b; Fonnesu et al.,
2020; Gong et al., 2016, 2018; Normark et al., 1998; Richards
et al., 1998; Stow et al., 1984; Zhang et al., 2018), the intra-basin
(or intra-graben) geomorphological feature remain the most
direct controlling factor (Bell et al., 2018; Chen et al., 2024a; Leeder
and Gawthorpe, 1987; Moody et al., 2012; Picot et al., 2016; Zhang
et al.,, 2016). Geomorphological features (such as topographic
slope, tectonic relief, basin basement morphology, etc.) paly a
decisive role in the architectural characteristics of the submarine
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fan channel-lobe systems by influencing sediment gravity flow
supply pathways, hydrodynamic mechanisms, and sediment dis-
tribution patterns.

As previously discussed, the axial submarine fan within the B4
oil group is characterized by sand-rich, lobe-dominated deposits
with low-sinuosity channels. This sedimentary character suggests
high sediment supply efficiency, which can be linked to a back-
ground of relatively arid climate and relatively low sea level during
this period (Hesselbo, 2008; Hesselbo et al., 2009). While these
regional factors preconditioned the system to be sediment-rich,
the detailed internal architecture, including its areal distribution
and stacking patterns, was primarily governed by the local paleo-
geomorphology. We therefore focus the subsequent discussion on
the critical control that the paleo-geomorphic configuration
(featuring axial stepped slope breaks and phased transverse
confinement changes) exerted on the axial submarine fan's inter-
nal architecture. This will be discussed in the following two
aspects.

5.1.1. Axial slope variations control downstream evolution of
individual channel-lobes

The axial stepped slope breaks in the study area primarily
resulted from pre-existing basement topography and differential
activity of the graben-boundary fault F1-1, with minimal influence
from differential compaction of the underlying mud-rich BO-B3
intervals. During the syn-rift setting, the developed paleo-
geomorphology exhibits distinct stepped slope breaks axially,
which fundamentally control the downstream transformation of
high-density turbidity currents and associated architectural ele-
ments. Based on quantitative slope data, we delineate four
geomorphic zones axially: extremely steep slope segment, steep
slope segment, slope transition zone, and gentle slope segment.

(1) Extremely steep slope segment (greater than 7°)

West of the study area, on the upper slope of the primary slope
break (approximately 7.5°) (Fig. 14), high-density turbidity cur-
rents maintain high transport velocities, dominantly bypassing
sediments without deposition. Pohl et al. (2020) confirmed
through flume experiments that when upper slopes exceed 6°,
efficient turbidity currents favor sediment bypass, causing pinch-
out points to occur on the lower slope of slope breaks. These
experimental results explain why all channel elements in the
study area pinch out westward (lower slope of primary slope
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Fig. 14. Axial paleo-geomorphology slope gradient across stepped slope breaks and
associated geomorphic zones during deposition of different sand groups in the study
area. Positive slope gradient values indicate eastward-dipping paleo-geomorphology;
negative values denote westward dip. Only the hump during UB4 sand group depo-
sition exhibits a negative slope gradient value. Section location shown in Fig. 6.
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break), essentially resulting from sediment bypass induced by the
extremely steep upper slope.

(2) Steep slope segment (between 1° and 4°)

In steep slope segment (e.g., upper slope of SSBZ1 in MB4 sand
group, with a slope gradient of approximately 3.3°) (Fig. 14), high-
density turbidity currents sustain high-speed and high-energy
transport, locally eroding underlying strata. This causes localized
thinning of interbedded mudstones (e.g., at the UB4-4-2 single
zone in Well P35 of Fig. 12(b)) and develops relatively homoge-
neous massive very coarse sandstones above erosional surfaces
(Fig. 9(a)). Following supercritical flow identification characteris-
tics (Postma and Cartigny, 2014; Postma et al., 2014), we suggest
these erosion-fill features as evidence of supercritical turbidity
currents on steep slope segment. Under steep slope, supercritical
flows maintain high velocities primarily through gravitational
acceleration, with subdued turbulent effects limiting lateral
diffusion. This promotes vertical incision, forming relatively
straight single channels flanked by overbank deposits. Notably, the
upper slope of SSBZ2 evolved from steep (2.8° in LB4) to filled and
vanished in UB4, reducing its ability to accelerate turbidity cur-
rents and generate erosion. This explains diminished channel
development in MB4 and UB4 sand groups.

(3) Slope transition zone (slope gradient decline rate A#/AL
greater than 2°/km)

In slope transition zones (e.g., near SSBZ1 of the MB4 sand
group, where the slope gradient rapidly decreases from approxi-
mately 3.3° to approximately 0.1° over a distance of 0.4 km, with
slope gradient decline rate A9/AL of 7.95°/km) (Fig. 14), abrupt
slope gradient reduction diminishes gravitational components
while enhancing bed friction and internal flow resistance. Rapid
energy dissipation through hydraulic jumps triggers the transition
of turbidity currents from supercritical to subcritical flow
(Cartigny et al., 2014; Postma and Cartigny, 2014). Core photo-
graphs downstream of SSBZ1 in the MB4 sand group show widely
distributed fine sandstones with rich bedded structures (Figs. 8(g)
and (h) and 9(c)) confirming this transformation. More impor-
tantly, the rapid decrease in turbidity current velocity significantly
enhances lateral diffusion, producing divergent flow patterns
(Kneller, 1995). This drives channel bifurcation into 2-3 distribu-
tary channels that gradually splay to form channelized lobes, or
develop crevasse splays and overbank deposits between distrib-
utary channels.

(4) Gentle slope segment (less than 1°)

In the gentle slope segment (e.g., the lower slope of SSBZ2 in
the LB4 sand group, with a slope gradient of approximately 0.5°)
(Fig. 14), energy depletion in subcritical turbidity currents gradu-
ally reduces sediment concentration, transforming flows into low-
energy turbidity currents (Shanmugam et al., 1994). Enhanced
fluid diffusion promotes large scale sediment deposition, forming
thick individual lobes.

Quantitative analysis demonstrates that the axially developed
stepped slope breaks exert significant control on the quantitative
scale characteristics of submarine fan architectural elements.
Statistical analysis of bifurcation angles of individual distributary
channels and the corresponding slope gradient decline rates
(A6/AL) within slope transition zones during their deposition re-
veals a distinct correlation between channel bifurcation develop-
ment/bifurcation angles and the slope gradient decline rates
(Fig.15(a)). A slope gradient decline rates (A¢/AL) exceeding 2°/km
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represents the critical threshold for bifurcation in individual
channels. When Ag/AL exceeds 2°/km, the bifurcation angle in-
creases positively with the slope gradient decline rate within the
slope transition zone, reflecting that faster gradient reduction
promotes greater divergence of turbidity currents. Furthermore,
the gradient of gentle slope segments exhibits a significant posi-
tive correlation with the length to width ratio of deposited lobes
(Fig. 15(b)). Lower gradients on gentle slopes facilitate rapid
sediment accumulation, favoring the formation of fan-shaped in-
dividual lobes, whereas higher gradients promote tongue-shaped
individual lobes.

5.1.2. Transverse confinement controls stacking types of individual
channel-lobes

The graben boundary faults (F1-1, F1-2, and F6) broadly
constrain the distribution of the submarine fan. During deposition
of different sand groups, lateral confinement within the graben
evolved through three stages, resulting in distinct stacking pat-
terns of individual channel-lobes among sand groups.

(1) Transversely asymmetric geomorphic stage (deposition of
the LB4 sand group)

Under asymmetric slopes caused by differential throws of
graben boundary faults, the paleo-geomorphology exhibited
transverse asymmetry in confinement. Transversely, the southern
graben features a steep slope (slope gradient approximately 4.3°)
with high confinement, while the northern graben has a gentle
slope (slope gradient approximately 0.7°) with low confinement. A
narrow trough (width about 4 km) developed on the lower slope of
SSBZ2 (Fig. 7(b)). Driven by gravitational potential energy, high-
density turbidity currents were consistently transported to this
narrow trough at the topographic low (Fig. 11(a)). Individual
channel-lobes preferentially deposited near the steep slope where
confinement was stronger (Zhang et al.,, 2016). As deposition
proceeded, subsequent individual channel-lobes progressively
migrated toward the gentler, less confined side, resulting in a
lateral migration stacking pattern (Fig. 12(a)).

(2) Transversely symmetric geomorphic stage (deposition of
the MB4 sand group)

Sediment filling during the LB4 stage flattened the troughs and
thus formed a transversely symmetric, gentle paleo-
geomorphology with significantly reduced confinement.
(Fig. 7(b)). Under this setting, turbidity currents readily dispersed,
expanding sediment unloading areas and increasing the planar
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area of individual channel-lobes compared to the previous stage.
Stacking patterns were primarily controlled by depositional pro-
cesses: when channels bifurcated or avulsed, subsequent indi-
vidual channel-lobes preferentially filled local topographic lows
created by prior deposits, showing an unordered compensational
stacking pattern (Fig. 12(a)).

(3) Locally confined geomorphic stage (deposition of the UB4
sand group)

Continued infilling during the MB4 stage caused local topo-
graphic inversion, forming a banded hump that combined with
growth fault F3 to create a new transverse barrier (Figs. 6 and 7(a)).
This forced channels to deflect by 60°-80°, depositing individual
channel-lobes in topographic lows up-dip of the hump (Fig. 11(f)).
Consequently, individual channel-lobes within the UB4 sand
group exhibit a retrogradational stacking pattern relative to the
MB4 stage (Fig. 12(b)).

5.1.3. Dynamic feedback between depositional architecture and
paleo-geomorphology

The “axial stepped slope breaks-transverse confinement”
paleo-geomorphology characterized above represents a founda-
tional control framework. However, the evolution of the axial
submarine fan depositional architecture was not a passive filling of
a static template but involved dynamic feedback loops, whereby
the deposits themselves began to influence the paleo-
geomorphology and subsequent flows.

This study identifies key evidence of these interactions: in the
MB4 sand group, the extensive compensational stacking of lobes
indicates that the transversely symmetric topography created by
earlier deposits actively guided later turbidity currents. After
channel bifurcation in the slope transition zone, this depositio-
nally constructed topography facilitated the lateral spreading and
broader distribution of flows, leading to the development of
widespread, sheet-like channel-lobe complexes (Figs. 10(d) and
11(d)). Concurrently, growth fault activity (e.g., Fault F3) pro-
vided an external driver that continuously regenerated accom-
modation space and slope gradients, sustaining sediment bypass
in up-dip areas (Fig. 11).

In conclusion, the architectural pattern of the B4 axial subma-
rine fan is the product of a complex interplay. The initial and
tectonically evolving paleo-geomorphology set the fundamental
constraints, but the system's detailed architecture was ultimately
influenced by the dynamic feedback mechanisms, whereby the
deposits themselves became one of the controls on subsequent
sedimentation.
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5.2. Dual-factor coupling control model of submarine fan
depositional architecture: “axial stepped slope breaks-transverse
confinement”

Traditional submarine fan studies have mostly been based on
static geomorphic settings, emphasizing facies differentiation

@ Extremely steep slope segment

Steep slope segment
@ Slope transition zone

Sediment bypass

Lobe main body

Channel Overbank

=

@ Gentle slope segment Lobe margin Growth faults

Fig. 16. Depositional architecture model of individual channel-lobe under the
coupled control of axial stepped slope breaks and transverse confinement during the
depositional stages of different sand groups.
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across slope breaks—such as the influence of the presence or
absence of slope breaks on the distribution of submarine fan
depositional systems (Garcia and Parker, 1989; Hodgson et al.,
2022; Pohl, 2019). In recent years, scholars have gradually recog-
nized that the dynamic changes of paleo-geomorphology controls
submarine fan sedimentary processes and depositional architec-
tures. For example, studies in the thrust belts of the West African
continental slope have shown that differences in geomorphic
confinement formed during different stages of thrust tectonic
evolution control the spatial differential distribution of channels
and lobes (Lin et al., 2018). In rift basins, previous studies have
separately considered submarine fan distribution patterns
controlled by the evolution of transfer zones (Jackson et al., 2011;
Tillmans et al., 2021), transverse fault terraces (Henstra et al.,
2017; Tillmans et al, 2021), and laterally confining geo-
morphology formed by growth faults (Tian et al., 2024). However,
these studies mostly focus on the influence of a single factor,
lacking systematic analysis of the dynamic response of submarine
fan depositional architectures to the coupling of “slope-confine-
ment” dual factors.

Through the analysis of submarine fans in the rift basin of the
North Sea, UK, this study reveals that axial stepped slope breaks
and transverse confinement variations of paleo-geomorphology
jointly constitute the core controls on the evolution of subma-
rine fan architectures. As the axial slope transitions from the
extremely steep slope segment, steep slope segment, and slope
transition zone to the gentle slope segment, architectural elements
evolve from sediment bypass to individual channels with over-
banks, form distributary channels and channelized lobes in the
slope transition zone, and finally accumulate into lobes in the
gentle slope segment. In the slope transition zone where the slope
gradient rapidly decreases from steep to gentle, the bifurcation
angles between distributary channels increase with the rise in
slope gradient decline rate. Meanwhile, the transition of trans-
verse confinement from asymmetric to symmetric and then to
local confinement causes the stacking patterns of individual
channel-lobes to evolve from lateral migration to unordered
compensation, and further to deflected retrogradation (Fig. 16).

This model therefore represents not only a static control
framework but also a dynamic system, as the initial topography
and its subsequent modification by deposition collectively gov-
erned the architectural evolution.

6. Conclusion

(1) This study reveals the “axial stepped slope
breaks—transverse confinement” paleo-geomorphic charac-
teristics and their controls on the depositional architecture
of individual channel-lobe systems within axial submarine
fans of the Upper Jurassic B4 oil group in the North Sea X
Qilfield. The submarine fan exhibits distinct axial and ver-
tical spatial distribution patterns. Along axial stepped slope
breaks, architectural elements evolve from sediment bypass
to channel-overbank systems, then to distributary channels
and channelized lobes, and finally accumulate into lobes.
Vertically, three patterns are identified: in the early stage
(LB4), limited-scale tongue-shaped lobes develop predom-
inantly in the east, showing lateral migration stacking
northward; in the middle stage (MB4), multiple individual
channel-lobes develop extensively, forming large-scale,
regionally continuous fan-shaped lobes that exhibit unor-
dered compensational stacking; in the late stage (UB4), the
distribution range of individual channel-lobes contracts,
causing the depositional center to shift northwestward and
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exhibit a retrogradational stacking pattern relative to the
previous stage.

(2) Axial stepped slope breaks govern downstream evolution of
architectural elements by triggering turbidity current
transformations. On extremely steep slope (gradient about
7.5°), supercritical flows dominate erosion and bypass; on
steep slopes (gradient between 1° and 4°), supercritical
flows cause significant erosion, forming incised channels. In
slope transition zones with rapid gradient decline (A§/AL
greater than 2°/km), hydraulic jumps induced energy
dissipation and flow divergence, promote channel bifurca-
tion with angles positively correlated to gradient decline,
and lead to the development of distributary channels and
channelized lobes. On gentle slopes (gradient less than 1°),
low-energy flows diffuse to form lobes, with length to width
ratios positively correlated to gradient.

(3) The phased changes in transverse geomorphic confinement
(from asymmetric to symmetric, then to local confinement)
control the evolution of individual channel-lobe stacking
patterns through redistributing accommodation. In the
asymmetric stage (LB4), asymmetric graben (southern slope
4.3° vs. northern slope 0.7°) forces deposition near the steep
slope with stronger confinement, causing subsequent indi-
vidual channel-lobes to migrate toward the gentler side, and
form lateral migration stacking. In the symmetric stage
(MB4), reduced asymmetry and flattened topography lead to
unordered compensational stacking as individual chan-
nel-lobes fill local topographic lows created by prior de-
posits. In the locally confined stage (UB4), a banded hump
combined with growth fault F3 deflects channels by 60°-80°
and deposits individual channel-lobes in topographic lows
up-dip of the hump, resulting in a retrogradational stacking
pattern.

(4) The evolution of the fan architecture was governed by a
dynamic feedback mechanism. While the antecedent paleo-
geomorphology set the initial template, the depositional
system itself became an active agent, as the topography
constructed by earlier deposits (e.g., lobe complexes) sub-
sequently influenced the pathways and distribution of later
turbidity currents.

Our study proposes a geomorphic control model for submarine
fan architectures, emphasizing that paleo-geomorphic changes
directly control element distribution by altering flow paths and
energy, while the depositional architecture itself provides feed-
back that modifies subsequent sedimentation. This model pro-
vides a new perspective for deep-water depositional models, and
future work should further combine flume experiments to quan-
tify the relationships between slope (or transverse confinement),
fluid dynamics, and depositional response, to establish a more
comprehensive model.
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