
1.  Introduction
Deepwater gravitational systems are characterized by gravity-driven thrusts and folds developed at the 
downdip end of passive margins, which may exert significant impacts on the deepwater sedimentary 
process (e.g., Clark & Cartwright,  2009,  2011,  2012; Gee & Gawthorpe,  2006; Huyghe et  al.,  2004; Jolly 
et al., 2016, 2017; Mayall et al., 2010; Oluboyo et al., 2014; Rowan et al., 2004). Contractional deformations 
driven by gravitational collapse of advancing deltaic sediment wedges are largely accommodated by thin-
skinned thrusting and folding above a regionally extensive decollement of weak salt or shale units, which 
form the gravity-driven fold and thrust belts (e.g., Bilotti & Shaw, 2005; Cohen & McClay, 1996; Morley 
& Guerin, 1996; Rouby et al., 2011; Rowan et al., 2004; Wu & Bally, 2000). Currently, many studies have 
revealed the geometries, evolution histories, and kinematic models of gravity-driven fold and thrust belts 
(e.g., Bergen & Shaw, 2010; Corredor et al., 2005; Gao et al., 2018; Higgins et al., 2007; Jolly et al., 2016; 
King & Morley, 2017; Mahanjane & Franke, 2014; Maloney et al., 2010; Morley et al., 2011, 2017; Nyantakyi 
et al., 2015; Sun & Liu, 2018; Totake et al., 2018; Yang et al., 2020).

The Niger Delta basin is one of the classic shale tectonic province in the world where deepwater gravita-
tional systems are widely developed and studied (e.g., Cohen & McClay, 1996; Corredor et al., 2005; Da-
muth, 1994; Jolly et al., 2017, 2016; Morley & Guerin, 1996; Pizzi et al., 2020; Rouby et al., 2011; Wu & 
Bally, 2000; Wu et al., 2015). Previous studies found that the structural development of deepwater gravita-
tional systems is closely related to deformation within the ductile substrate, composed of undercompacted 
and overpressured mobile shales (e.g., Bonini, 2003; Cohen & McClay, 1996; Deville et al., 2006; Duerto 
& McClay, 2011; Fillon et al., 2013; Hansberry et al., 2014; Morley, 2003; Morley & Guerin, 1996; Morley 
et  al.,  2011,  2017,  1998; Wu & Bally,  2000). Shale deformations change shale thickness (either thicken-
ing or thinning) and are associated with horizontal slips above single or multiple detachment surfaces. 
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Fault kinematic studies on typical fault-propagation, fault-bend, and detachment folds (Jamison, 1987; Mi-
tra, 1990; Suppe, 1983) suggest that deformation within the basal shale unit occurs synchronously with 
deformation operating within the overburden, and the thick mobile detachments can facilitate additional 
deformation styles and modifiers. An updated model of break-thrust style folds suggests local shale thick-
ening triggered by structural shortening can precede development of large break thrusts, and these break 
thrusts subsequently propagate downward to join the basal detachment rather than propagate upward from 
a master detachment (e.g., Morley, 2009; Morley & Naghadeh, 2018; Morley et al., 2017). In the southern 
lobe of the deepwater Niger Delta, Maloney et al. (2010) identified an entirely separate postfaulting thick-
ness change within the basal shale unit that led to continual uplift following the early phase thrust-propa-
gation folding. These studies show great variability of shale deformation which leads to different evolution 
histories in the sedimentary overburden.

Despite growing interest in shale-related structures, the 3D deformation process of the basal shale unit 
and how shale deformations interact with the evolution of deformation styles in the overburden remain 
poorly understood. Previous fault kinematic models typically assume that contractional shortening in both 
the basal shale unit and the overburden occurs primarily downslope due to gravitational collapse above 
detachment surface (e.g., Briggs et al., 2006; Corredor et al., 2005; Morley, 2009; Maloney et al., 2010, 2017; 
Suppe, 1983). The resulting thrusts and folds strike essentially perpendicular to the regional slope. Besides 
regional gravity-driven contraction, local variation in the pore-fluid pressure also has a role in facilitating 
shale deformation and the basal shale units can be squeezed from areas of high pore-fluid pressure to areas 
of lower pore-fluid pressure (e.g., Morley et al., 2017). If local squeezing of shales occurs along the strike 
of a continental slope, it may yield structures striking oblique or perpendicular to the strike of the main 
structures. Incorporating the effect of local shale squeezing into classic fault kinematic models would en-
able a better understanding of the 3D deformation process of the basal shale unit. Within the sedimentary 
overburden, the sedimentary growth sequences deposited coevally with deformation have varying geom-
etries and strain rates that record the structural evolution history (e.g., Burbank & Verges, 1994; Burbank 
et  al.,  1996; Jolly et  al.,  2016,  2017; Morley & Leong,  2008; Pizzi et  al.,  2020; Poblet et  al.,  1997; Suppe 
et al., 1992). Evidence of a correlation between 3D shale deformation and growth sequence evolution is still 
rare in existing literature. Therefore, the main objective of this study is to better understand the interaction 
between shale deformation and growth of thrusts and folds in the overburden.

Seismic reflection data are a useful tool to study the deformational structures within deeply buried shales, 
though seismic-observed deformations can be larger scale than the deformations observed on outcrops or 
wells. As seismic resolution is limited, controversy regarding deformation mechanisms (ductile vs. brittle 
deformations) within a basal shale unit remains. Brittle deformation is a result of brittle failures in the 
shales while ductile deformation refers to ductile movement due to a partial or complete loss of shear 
strength. Early work on the Niger Delta identified the existence of mobile shales or shale diapirs (e.g., Aja-
kaiye & Bally, 2002; Cohen & McClay, 1996; Damuth, 1994; Krueger & Grant, 2011; Morley & Guerin; 1996; 
Wiener et al., 2010; Wu & Bally; 2000), which were assumed to have deformed analogous to mobile salt 
units in other systems that flow plastically in response to sediment loading (e.g., Brun & Fort, 2004; Curry 
et al., 2018; Giles & Rowan, 2012; Hudec et al., 2009; Jackson & Talbot, 1986; Kergaravat et al., 2016; Ko-
priva & Kim, 2015; Schleder et al., 2019; Sylvester et al., 2015). With higher-quality seismic data acquired 
subsequently, studies revealed many transparent reflections previously observed within the shale units are 
actually incoherent reflections, resulting in the reinterpretation of shale tectonic features as second-order 
folds or thrusts with dominant brittle deformation in the shales (e.g., Couzens-Schultz et al., 2003; Maloney 
et al., 2010; Morgan, 2015; Morley et al., 2011, 2017; Plesch et al., 2007). Consequently, there are far fewer 
examples of bona fide shale tectonic features where ductile shale has withdrawn and provided space to 
trap sediment. Some recent studies argue that mobile shales and shale-withdrawal minibasins do at times 
exist (e.g., Blanchard et al., 2019; Dean et al., 2015; Duerto & McClay, 2011; Galindo & Lonergan, 2020; 
Ings & Beaumont, 2010; Ruh et al., 2018; Soto et al., 2010) The combination of brittle and ductile shale 
deformations may be significant for effective accommodation of the shortening deformation in the over-
burden (Duerto & McClay, 2011; Maloney et al., 2010; Morley et al., 2011, 2017, 2018; Van Rensbergen & 
Morley, 2003). The debate on deformation mechanisms within the shale-prone units suggests considerable 
case-by-case variation in shale deformation. Additional research, especially with the use of high-quality 3D 
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seismic reflection data, is needed to better understand the complexity and variability of deformation mech-
anisms occurring within deeply buried shale units.

This study focuses on a deepwater gravitational system in the Niger Delta, specifically located at a site be-
tween the outer fold and thrust belts and translational zone (Figure 1a). This system is underlain by thick, 
deformed shale units with notable thickness variations and complex internal structures. High-quality 3D 
seismic reflection data presents clear imaging of the thrust-related structures and mapping of growth units 
reveals the evolution of these structures. By detailing a correlation between shale deformation and structur-
al growth history, this paper addresses two key questions on shale-related structures: (1) how the basal shale 
unit has deformed in space and how interactions with the overlying thrusting and folding has changed over 
time; (2) what kind of deformation mechanisms (brittle vs. ductile deformations) have occurred within the 
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Figure 1.  Regional structure map (a) and cross section (b) of the Niger Delta showing the distribution of gravity-driven structural domains across the 
basin, after Wu et al. (2015). The study area is located at a site between the translational and compressional domain, north of the study area from Maloney 
et al. (2010). The brown colored lines on (a) represent a series of oblique extensional faults and strike-slip tear faults scattered among the main structures. (c) 
Regional stratigraphy of the Niger Delta showing three diachronous lithological units (Akata, Agbada, and Benin formations) prograding seaward since Eocene, 
after Corredor et al. (2005). The studied interval involves the late Oligocene-to-present Agbada clastic deposits and the Akata shales.
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basal shale unit that essentially resulted in shale movement and structural evolution. This study provides 
new insight into the role of shale deformation in the structural development of deepwater gravitational sys-
tems while complementing previous studies on geometrical-kinematic models of shale-related structures.

2.  Geological Background
The Niger Delta basin is located in the Gulf of Guinea on the passive margin of western Africa (Figure 1a). 
The basin evolution went through an early rifting stage prior to the late Cretaceous which then transitioned 
into the late drifting stage until present day (Uchupi, 1989). As one of the largest deltas in the world (Doust 
& Omatsola, 1990), the Niger Delta has developed largely since the Eocene with large volumes of marine 
clastic materials deposited across the basin margin, forming a sedimentary prism of ∼140,000 km2 in area 
and up to 12-km thick (Briggs et al., 2006; Cohen & McClay, 1996). In the shelf and upper slope regions 
prominent gravitational collapse occurred above the basin-dipping decollement surfaces. This updip ex-
tensional movement is gradually accommodated by toe-thrust systems of lower slope regions (Figures 1a 
and 1b, after Wu et al. [2015]). The Niger deepwater toe-thrust systems can be subdivided into an inner and 
outer fold and thrust belts, which are linked by a translational zone featuring broad detachment folds with 
less deformed depocenters (Corredor et al., 2005). The study area of this paper covers an area of ∼1,200 km2 
in the southern lobe of the deepwater Niger Delta, between the outer fold and thrust belt and translational 
zone where a series of imbricate thrust faults and related folds developed (Figures 1a and 2). As these struc-
tures are closely related to the deformation of underlying shale units, this location is selected as a repre-
sentative case from where to study the interactions between shale deformation and structural deformation 
within the sedimentary overburden.

The Niger Delta contains sedimentary strata from the Cretaceous to the Holocene overlying oceanic and 
fragments of continental crust (Figure 1c). The Cretaceous section is largely distributed in the delta-proxi-
mal area over continental crust. It consists of complex fluvial-shallow marine clastic sediments formed in 
the early rifting stage. The post-Paleocene deltaic succession is a thick seaward-prograding sedimentary 
wedge formed in the late drifting stage, which overlies oceanic crust in the distal area of the delta. Three 
diachronous lithologic formations have been divided for the Tertiary section of the Niger Delta, includ-
ing (1) the basal Akata Formation of prodelta-marine shales; (2) the middle Agbada Formation of delta 
front and gravity flow complexes; and (3) the top Benin Formation of continentally sourced sands (e.g., 
Avbovbo, 1978). In the deepwater regions where the Benin Formation is absent, the thick, overpressured, 
marine shales of Akata Formation are commonly thought to be mobile in nature involving apparent defor-
mation and multiple detachment levels (Bilotti & Shaw, 2005; Briggs et al., 2006; Cohen & McClay, 1996; 
Damuth, 1994; Maloney et al., 2010; Morley, 2003; Morley & Guerin, 1996). The overlying Agbada Forma-
tion composed of submarine channel-lobe complexes, debris flows and shales, represent the sedimentary 
overburden showing a variety of thrust-related structures. The thrusting deformation is still active today es-
pecially in the distal part of the outer fold-thrust belt, with bathymetric expression of structures at seafloor 
(Higgins et al., 2009; Jolly et al., 2016, 2017).

Previous work based on regional 2D or 3D seismic reflection data have demonstrated the basic tectono-strati-
graphic characteristics in the deepwater Niger Delta (e.g., Bilotti & Shaw, 2005; Briggs et al., 2006; Corredor 
et al., 2005; Maloney et al., 2010; Rouby et al., 2011). The basement of Cetaceous oceanic crust is charac-
terized by a set of faulted high-amplitude reflections buried over 5,000 ms two-way travel time (TWTT) 
beneath seafloor, which are overlain by a thick section of discontinuous, acoustically transparent reflections 
representative of homogenous marine shales of the Akata Formation (Figures 3a and 3b). Within the Akata 
Formation, three continuous high-amplitude reflections (X, Y, Z) have been recognized across the deep-
water regions, which were interpreted as the major detachment levels (Figure 3b, Maloney et al., 2010). 
These marker reflections can be correlated with some interbedded sandy layers within the shale-dominated 
sequences, and represent thin-layered, bedding-parallel fault zones with severe fractures, high strain rate, 
and pore-fluid overpressure (Maloney et al., 2010; Morley et al., 2017). These features cause sharp decrease 
in acoustic velocities and form an impedance contrast displaying the continuous high-amplitude reflec-
tions. The marker reflection Y corresponds to the regionally continuous mid-Akata reflection that separates 
the upper less deformed Akata Formation from the lower greatly deformed Akata Formation (Corredor 
et al., 2005; Higgins et al., 2007). The shales between reflections Y and Z are thickened with incoherent 
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Figure 2.  (a) Seismic time slice at 3,700 ms TWTT showing tectono-stratigraphic features over the study area. The black dashed line represents the 3,700 ms 
TWTT contour that separates the prekinematic strata (subparallel reflections) from the synkinematic strata (convergent reflections). The prekinematic strata 
is faulted and folded by several seaward-verging imbricate thrust faults, forming gravity-driven fold and thrust belt. There is a neighboring seismic survey 
with drilling wells northeast of the study area, which were used for stratigraphic correlation and well calibration. (b) Time structure map of the synkinematic-
prekinematic boundary showing map-view structures over the study area. The western fold-thrusts (numbered I–III) and the eastern fold-thrusts (numbered 
IV–V) are laterally linked by sinistral strike-slip tear faults, and separated by a central detachment fold (numbered VI). These structures confine three piggyback 
basins (A, B, C). TWTT, two-way travel time.
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reflectivity (Figure  3a), implying complex internal structures. The thickening of shales coincident with 
complex internal structures supports the assumption that the shale thick originates from tectonic deforma-
tion instead of a pretectonic, depositional shale thick. The precise ages of reflections X-Z are unknown due 
to the lack of wells penetrating the overpressured Akata shales.

Overlying the Akata Formation, the Agbada Formation is characterized by a thick package of semicontin-
uous high-amplitude reflections tied to interbedded sand-mud deposits in well logs (Figure 3a). Within the 
Agbada Formation, the upper wedge-shaped synkinematic section is clearly distinct from the lower prekin-
ematic section which features subparallel strata with pronounced fold geometry. In the study area, eight 
seismic horizons have been identified in the prekinematic Agbada Formation (Zhang et al., 2016, 2018). 
According to seismic correlation with regional sequence stratigraphy and biostratigraphy across the basin 
(Fadiya & Salami, 2015; Henriksen et al., 2011; Krueger & Grant, 2011; Olayiwola et al., 2017), these hori-
zons can be dated to ca. 27.8, 19.5, 16.5, 15.5, 13.8, 12.5, 10.5, and 9.5 Ma, respectively (Figure 3a). Thus, the 
main growth of gravity-driven structures started after ca. 9.5 Ma in the study area, nearly synchronous with 
adjacent regions (e.g., Pizzi et al., 2020). Within the late Miocene-to-present synkinematic Agbada Forma-
tion, several growth strata packages have been identified based on changing stratal geometries (Figure 4c), 
which were interpreted to represent different stages of structural growth evolution (Jolly et al., 2016; Krue-
ger & Grant, 2011; Maloney et al., 2010).

Based on previously built tectono-stratigraphic framework (e.g., Corredor et al., 2005; Maloney et al., 2010; 
Zhang et al., 2018), this study focuses on the structural style of the prekinematic Agbada Formation overly-
ing the deformed shale unit, through interpretation of multiple seismic sections. Subdivision and mapping 
of growth units within growth strata packages helps reconstruct the growth history of shale-related struc-
tures. Further analysis comparing various structural styles, spatiotemporal growth histories, and 3D inter-
pretation of shale deformation can provide insight into the role of 3D shale deformation in the development 
of the deepwater gravitational system.

3.  Data and Methods
The primary data used for tectono-stratigraphic interpretation are a 3D seismic reflection data provided by 
the China National Offshore Oil Company (CNOOC). It is a poststack time-migrated volume with a bin size 
of 12.5 × 12.5 m and a vertical sampling rate of 3 ms. The data are displayed with “SEG normal polarity” 
where an increase in impedance is represented by peak reflectors. The shallow synkinematic section has a 
peak frequency of ∼70 Hz and a resulting vertical resolution of ∼7 m assuming an average interval velocity 
of 2,000 m/s, which could decrease to ∼30 Hz (∼25 m) in the deep prekinematic section with the strata 
velocity increased to average 3,000 m/s (Figure 4b). The strata velocity averages about 2,600 m/s for the 
overpressured Akata shale (Maloney et al., 2010). Despite the generally increasing trend of seismic veloc-
ity with depth, it has been noted that there is only minimal change in the geometries of fault-related fold 
after depth conversion (Maloney et al., 2010). Thus, the seismic sections used here are all displayed in time 
domain, and the vertical exaggeration is calculated following the average velocity of target interval. Addi-
tionally, five wells (E1–E5) drilled to the prekinematic Agbada Formation (∼2,000–3,000 m below seafloor) 
have been tied to the seismic through synthetic seismogram. The gamma ray (GR) log calibrates the Agbada 
Formation to be a thick interbedded sand-mud clastic system consisting of multiple sedimentary sequences 
(Figure 3a). There is another well (A1) in the northeastern neighboring seismic survey with wireline logs 
in the shallow synkinematic section (Figures 2a and 4a), which was used for the well calibration of growth 
units associated with the growing structures.
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Figure 3.  (a) Uninterpreted and interpreted seismic profiles (see Figure 2a for the seismic line location) showing the general tectono-stratigraphic features 
across the study area. Three marker high-amplitude reflectors (X, Y, Z) are recognized within the Akata shales displaying notable deformations. The overlying 
Agbada Formation is subdivided into a prekinematic section and a synkinematic section based on the strata geometry. Well-to-seismic tie within the 
prekinematic section identified eight seismic horizons with chronological constraint (after Zhang et al. [2018]), and the main growth of gravity-driven structures 
started after ca. 9.5 Ma. TWTT = two-way travel time. Vertical exaggeration (VE) is ∼1.5:1 assuming a 3,000 m/s seismic velocity. (b) Regional seismic profile 
west of the study area (see Figure 1a for the seismic line location) showing comparable tectono-stratigraphic features in the southern lobe of the Niger Delta, 
modified from Maloney et al. (2010). The Agbada Formation features prominent thrusting and folding deformation underlain by thickened Akata shales.
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Figure 4.  (a) Uninterpreted and interpreted seismic profiles correlated with a neighboring seismic survey and drilling well (see Figure 2a for the seismic line 
location), showing the division of growth units within the synkinematic Agbada Formation. The synkinematic section consists of three growth strata packages 
(W, V, U), which are subdivided into eight growth units (GU1–GU8) based on angular unconformity and contrasting seismic facies across the bounding 
surfaces. TWTT = two-way travel time. Vertical exaggeration (VE) is ∼2.5:1 assuming a 3,000 m/s seismic velocity. (b) Strata velocity derived from sonic logs of 
Well A-1. The average velocity is ∼3,000 m/s for the prekinematic strata, and ∼2,000 m/s for the synkinematic strata. (c) Seismic profile west of the study area 
(inset section from Figure 3c) showing comparable features of growth strata packages (W, V, U), modified from Maloney et al. (2010).
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Seismic interpretation in this study is based on the Geophysics module 
from the Schlumberger’s Petrel interpretation software, in which both 
the 3D seismic data set and wireline logs were loaded. Seismic profiles 
and time slices were combined to carry out detailed structural interpreta-
tion. The major thrust faults and related crestal normal faults were inter-
preted in seismic reflection profiles based on apparent strata offset across 
the fault planes, and time slices help to determine the fault traces and 
configuration relationship between faults (Figure 2a). Some key structur-
al marker reflections were picked in a loose grid of 100 × 100 traces and 
then interpolated throughout the volume to generate 3D mapped hori-
zons, including the seabed, synkinematic-prekinematic boundary, three 
marker reflections (X, Y, Z) within the Akata shales, and the basement 
top. The time structure map of synkinematic-prekinematic boundary 
overlain with fault traces was mapped over the study area to reveal the 
spatial distribution of thrust-related structures (Figure  2b). Geometric 
parameters, such as fold wavelength (W), fold amplitude (A), and fault 
displacement (D), were measured on the synkinematic-prekinematic 
boundary to quantitatively analyze the intensity of structural deforma-
tion within the overburden. Since the thrust-related folds are generally 

asymmetrical in cross sections, we define the horizontal and vertical distance between anticline and syn-
cline hinge points as half of fold wavelength and double fold amplitude, respectively (Figure 5). With no 
accurate 3D velocity model available, the geometric parameters measured in time domain were converted to 
depth using an average 3,000 m/s velocity for the prekinematic strata, according to the sonic log (Figure 4b). 
The uncertainty for calculated geometric parameters, especially fold amplitude and fault displacement, 
mainly arises due to changing velocities between measured points, estimated to be within 200 m/s and 
potentially causing error within 50 m. This error is considered to have very limited impact on either the fold 
geometries or the relative deformational intensity between thrust-related folds.

Seismic stratigraphic interpretation builds on previous work on synkinematic strata architecture from an 
adjacent survey (Maloney et al., 2010, see the survey location in Figure 1a), where three growth packages (V, 
W, U) have been identified (Figure 4c). As no seismic lines directly connect our study area with Maloney’s 
study area, stratigraphic correlation between these two surveys was conducted based on the prominent 
strata geometries of the three growth packages: (1) the oldest growth package W shows a high-angle stra-
ta wedge with apparent strata rotation and unconformities flanking the thrust-related folds; (2) the mid-
dle growth package V shows a gradually thinning strata wedge that onlaps toward the fold crest; (3) the 
youngest growth package U overlaps and thins onto the fold crest with notable channel erosion. Within all 
three growth packages, we identified seven angular unconformities (onlapping or truncation) near the fold 
crest that transition into conformities away from structural highs (Figure 4a). Across these unconformities, 
abrupt changes in seismic facies and lithological cycles (Figure 4a) suggest notable changes in the relation-
ship between sediment accumulation rate and structural growth rate. We picked these seven unconform-
ities in a loose grid of 200 × 200 traces then interpolated them throughout the study area. The resulting 
seismic horizons constitute eight growth units (GU1–GU8) within the synkinematic Agbada Formation 
(Figure 4a). An analysis of varying strata geometries within different growth units (Figure 6), such as the 
features of strata rotation in response to growing structures (Figure 6b), improves our understanding of the 
structural growth evolution in space and time. Considering local strata erosion from submarine channel by-
passing or mass-transport sliding (Figure 7a), the growth unit horizons were reconstructed by extrapolating 
along the structural trend (Figure 7b). These reconstructed horizons were then subtracted from each other 
to generate TWTT thickness, or isochron maps for each growth unit, which approximate the paleotopogra-
phy prior to deposition of each growth unit.
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Figure 5.  Basic terminologies used for the description of structures 
in the study area. The geometry of thrust-related folds is quantitatively 
described by measuring the horizontal and vertical distance between the 
anticline and syncline hinge points, which amount to the half of fold 
wavelength (W) and double fold amplitude (A), respectively. D = thrust 
fault displacement.



Tectonics

4.  Structural Style of the Deepwater Gravitational 
System
In this section, we mainly use 3D tracked seismic horizons together with 
multiple seismic sections to describe the varied structural styles within 
the prekinematic strata. The mechanisms by which various structural 
styles formed are addressed in Section 6 with the integration of strong 
evidences. According to the time structure map of the top prekinemat-
ic horizon (Figure 2b), structures in the study area can be divided into 
three parts: (1) the western study area consists of three major subparal-
lel fold-thrusts trending WNW to ESE, numbered I–III; (2) the eastern 
study area consists of two major subparallel fold-thrusts trending WNW 
to ESE, numbered IV–V; (3) the central study area features an NE-SW-
trending anticline oblique to the strike of major thrust faults, numbered 
VI. These three structural parts are spatially connected and confine three 
piggyback basins in the hanging wall of thrust faults, named A, B, and C 
(Figure 2b). These three basins are filled with synkinematic strata show-
ing convergent reflections on time slice (Figure 2a), clearly distinguished 
from parallel reflections of prekinematic strata within the fold core. The 
following interpretation of multiple seismic sections that cross different 
parts of the study area provides more details about structural style of the 
deepwater gravitational system.

4.1.  Western Study Area: Shale-Cored Fold-Thrusts

Strike-normal seismic profiles show prominent deformation in both the 
prekinematic strata and basal shale unit in the western study area (Fig-
ures 8a–8c). The prekinematic strata is faulted and folded by three major 
seaward-verging imbricate thrust faults (I–III) that extend upsection into 
the bottom of synkinematic strata and die out downsection into the mid-
dle of the basal shale unit. The major imbricate thrust faults are joined 
by minor landward-verging thrust faults in the hanging wall. The basal 
shale unit beneath the fold crest thickens apparently involving marker 
reflections Y and Z. The upper reflection Y, which is partly offset by three 
major thrusts at low angles, trends parallel to the overlying folded prekin-
ematic strata, with shales above reflection Y being weakly deformed. The 
lower reflection Z is subhorizontal and parallel to the oceanic basement, 
with less deformed shales below reflection Z. It is the shales between re-
flections Y and Z that are greatly deformed with wedge-shaped geometry 
and primarily contribute to thickening of the basal shale unit. Overall, 
large thrusts and folds overlying a thickened shale core characterize the 
western study area.

The shale-cored fold-thrusts observed in the western study area may fall into different fault kinematic mod-
els depending on interpretation of thrust faults. Uncertainty regarding the downward termination of thrust 
faults exists due to the general weak reflections within the basal shale unit. If thrust faults are interpreted 
to extend deep into the master detachment level, like in Figure 3b (Maloney et al., 2010), it should belong to 
fault-propagation folds. Another interpretation is the shallower extension of thrust faults that are separated 
from the master detachment level, as done in this study, which may fit with the model of break-thrust style 
fold where major thrusts propagate downward before reaching the master detachment level (Morley, 2009; 
Morley & Naghadeh, 2018; Morley et al., 2017). Despite such uncertainty in fault interpretation, our main 
concern is how shale thickening has progressed during the process of thrusting and folding, which is de-
tailed in Section 6.
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Figure 6.  Conceptual model illustrating the varying strata geometries 
at different structural scenarios. The syngrowth strata features apparent 
rotation with upward-shallowing of strata dips (b), contrasting with the 
passive onlap without strata rotation for the predeposition structure (a). 
The pregrowth strata are subparallel and folded without apparent strata 
thinning over the fold crest (c).
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Comparison between different reflection profiles shows that fold geometries within the overburden and 
deformation within the basal shale unit vary along structural strike. Across the central fold-thrusts (Fig-
ure 8c), the fold deformation in the hanging wall exhibits concave-up geometry without apparent thicken-
ing in the basal shale unit, and there is limited occurrence of lower marker reflection Z in the profile. As 
the positions of reflection profiles change to the eastern side of thrusts near the central detachment fold 
(Figures 8a and 8b), the fold geometries transition into slightly concave up accompanied by apparent shale 
thickening between marker reflections Y and Z, and the lower marker reflection Z extends much longer 
in the profiles. These changes suggest increased impact of shale deformation on the thrusting and folding 
deformation. The along-strike changes in fold geometries are also manifested by changes in quantitative 
geometric parameters; while the fold amplitude of fold-thrust I decreases eastward from ∼0.7 to ∼0.5 km 
and the fold wavelength of fold-thrust I increases eastward from ∼20 to ∼36 km (Table 1). The fault dis-
placement of fold-thrust I decreases eastward from ∼1 to ∼0.4 km, suggesting the gradual weakening of 
thrusting intensity toward the margin of thrust faults.

4.2.  Eastern Study Area: Fold-Thrusts Without Shale Core

Strike-normal reflection profiles across the eastern study area show that the structural deformation main-
ly occurs in the prekinematic strata with less thickness changes within the basal shale unit (Figures 9a 
and 9b). Two major seaward-verging imbricate thrusts (IV–V) completely fault the prekinematic strata cre-
ating prominent anticlines in the hanging wall that is locally faulted by minor landward-verging thrusts. 
The major fault-plane reflections cut downsection through the marker reflection X near the top of basal 
shale unit at low angles. This reflection X is not clear in the western study area. The marker reflection 
Z is also observed in the middle of basal shale unit which laterally extends into the western study area 
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Figure 7.  (a) Uninterpreted and interpreted seismic profiles (see Figure 2b for the seismic line location) showing 
the local erosion of strata over the fold crest. (b) Reconstruction of eroded horizons. The horizons were extrapolated 
following the structural trend before generating the isochron maps.
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(Figure 10). The reflection X and Z are nearly parallel to each other without apparent changes of shale 
thickness between them. Overall, simple fold-thrusts without shale core characterize the eastern study area.

As compared to the shale-cored fold-thrust I in the western study area (Figure 8), the laterally adjacent 
fold-thrust IV in the eastern study area exhibits lower strain with the fold amplitude ranging from ∼0.2 to 
∼0.4 km, fold wavelength ranging from ∼6 to ∼11 km, and fault displacement ranging from ∼0.4 to ∼0.7 km 
(Table 1). Such different deformational intensity is also seen visually on the map (Figure 2b), suggesting 
that the western fold-thrusts experienced larger contractional shortening than the eastern fold-thrusts. The 
change in structural styles between the eastern and western fold-thrusts is assumed to be related to 3D shale 
thickness variation, which is detailed in Section 6.

4.3.  Central Study Area: Oblique Detachment Fold

Strike-oriented seismic profiles across the oblique anticline VI in the central study area show prominent 
deformation in both the prekinematic strata and basal shale unit (Figure 10). The prekinematic strata is 
asymmetrically folded without direct connection to major thrusts. Compared to the broad gentle western 
limb, the eastern limb is much steeper with a notable synclinal geometry. The full fold geometry has a 
wavelength of ∼30 km and an amplitude of ∼0.6 km (Table 1), equivalent to the scale of the western fold-
thrusts. Both limbs of the anticline VI are cut by two sets of NE-SW-trending normal faults with opposite 
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Figure 8.  Uninterpreted and interpreted seismic reflection profiles across the western study area (see Figure 2b for the seismic line location) showing the 
deformation characteristics of shale-cored fold-thrusts. From the central position (c) to the eastern margin (b, a) of the fold-thrusts, the basal shale unit thickens 
gradually between marker reflections Y and Z, with varied fold geometry and fault displacement in the prekinematic strata. TWTT = two-way travel time. 
Vertical exaggeration (VE) is ∼2:1 assuming a 3,000 m/s seismic velocity.
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dip (Figure 2b), which display tiers of closely spaced normal faults in cross section (Figures 10a and 10c). 
These two sets of normal faults are localized to the fold crest (Morley, 2007), and can extend downward near 
the top of the basal shale unit without a neutral surface, suggesting the nature of bending folding that creat-
ed local extension over the fold crest. Some of the crestal normal faults can extend upsection into the mod-
ern seafloor, indicating that they are still active today. The basal shale unit beneath the fold crest features a 
thickened shale core with three marker reflections (X, Y, Z) (Figures 10a and 10b). The upper reflection X is 
recognizable in the eastern limb and dies out gradually toward the fold crest. The middle reflection Y trends 
parallel to the western limb and dies out near the fold crest. The lower reflection Z trends parallel to the oce-
anic basement and extends all the way from eastern to western limb. The reflections Y and Z overlap mostly 
beneath the western limb, and the shale interval between reflections shows a wedge-shaped geometry that 
leads to the shale unit thickening from ∼1,900 to ∼3,000 ms in TWTT thickness. Beneath the eastern limb, 
the shale unit thins on average ∼1,700 ms in TWTT thickness. The shale core beneath the central oblique 
anticline VI corresponds to the shale core beneath the western fold-thrusts (Figures 8a and 8b), suggesting 
a close relationship between these structures.

Considering the link between shale thickness variation and overlapping of reflections Y and Z, as well as 
incoherent reflectivity within the shale core, it is argued that the shale thick should originate from tectonic 
deformation of the depositionally isopachous shale unit, rather than from a pretectonic, depositional shale 
thick. Thus, the folding deformation overlying the thickened shale unit is interpreted as the shale-detach-
ment fold, and reflection Z presumably serves as the master detachment. The oblique orientation of this 
detachment fold in map view (Figure 2b) suggests that structural shortening primarily occurred oblique or 
perpendicular to the regional slope. This paper describes the detachment fold as an oblique detachment 
fold in order to distinguish it from the typical detachment folds directly caused by downslope gravitational 
contraction (Epard & Groshong, 1995).

Map view of the central oblique detachment fold (Figure 2b) shows a longitudinal boundary by an oblique 
fault that laterally links the western and eastern fold-thrusts. The root mean square (RMS) amplitude map 
extracted within the prekinematic sequence shows the lateral displacement of the pretectonic submarine 
channel by the oblique fault (Figure 11). This provides evidence that the fault displacement has a signifi-
cant strike-slip component. These kinds of oblique strike-slip faults between thrust faults are also known as 
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Fold and thrust belt Deformational features

Maximum 
thickness of 
basal shale 
unit (km)a

Geometric 
parameters (km)b

W A D

Western fold-thrusts 
(I–III)

Profile a (eastern margin, 
Figure 8a)

Shale-cored fold-thrusts with slightly convex-up fold geometry 
in the hanging wall

3.7 36 0.5 0.4

Profile b (eastern margin, 
Figure 8b)

Shale-cored fold-thrusts with slightly concave-up fold 
geometry in the hanging wall

3.8 27 0.6 0.5

Profile c (central position, 
Figure 8c)

Fold-thrusts without thickened shale core, apparent concave-
up fold geometry in the hanging wall

3.1 20 0.7 1.0

Eastern fold-thrusts 
(IV–V)

Profile a (central position, 
Figure 9a)

Fold-thrusts without thickened shale core, apparent concave-
up fold geometry in the hanging wall

2.5 11 0.4 0.7

Profile b (western margin, 
Figure 9b)

Fold-thrusts without thickened shale core, slightly concave-up 
fold geometry in the hanging wall

2.6 6 0.2 0.4

Central oblique 
detachment fold (VI)

Profile a (central position, 
Figure 10a)

Asymmetrical shale-detachment fold cut by tiers of crestal 
normal faults, thinning of shales beneath the eastern limb

3.9 30 0.6 —

Profile b (southern 
margin, Figure 10b)

Asymmetrical shale-detachment fold longitudinally bound by 
strike-slip tear faults

3.8 26 0.5 —

bThe geometric parameters were measured for fold-thrust I in the western study area, fold-thrust IV in the eastern study area, and detachment fold VI in the 
central study area. Time-depth conversion was conducted using a constant 3,000 m/s velocity. W = fold wavelength; A = fold amplitude; D = thrust fault 
displacement. aThe shale thickness is calculated using a 2,600 m/s seismic velocity.

Table 1 
Summary of Structural Deformation at Different Positions of the Target Deepwater Gravitational System
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tear faults (e.g., Benesh et al., 2014; Mueller & Talling, 1997), and they have been widely recognized in the 
deepwater Niger Delta (Figure 1a) as a result of differential radial spreading of the delta (Wu et al., 2015). In 
addition to the strike-slip displacement, this oblique fault also has a dip-slip component exhibiting high-an-
gle thrust fault in cross section (Figure 10d). This suggests that the oblique tear faults may be part of the 
two sets of thrust faults that were later displaced by the southwestward propagation of detachment fold VI 
along its strike.

5.  Evolution History of the Deepwater Gravitational System
In this section, we focus on the evolution history of the deepwater gravitational system through seismic 
stratigraphic interpretation within the synkinematic strata, which allows understanding of the modern 
structural style in the prekinematic strata. Three growth packages, namely W, V, and U upsection, are rec-
ognized within the synkinematic strata. Each growth package is composed of multiple growth strata units 
showing varied geometries and thickness distribution, which generally reflects three episodes of tectonic 
evolution through time.

5.1.  Growth Package W (GU1–GU3): Coevolution Between Thrusting and Shale Detachment 
Folding

The lower growth package W exhibits a set of moderate-amplitude, sheet-like reflections that thin and 
onlap onto the fold crest with wedge-shaped geometries distinguished from the underlying subparallel 
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Figure 9.  Uninterpreted and interpreted seismic reflection profiles across the eastern study area (see Figure 2b for the 
seismic line location) showing the fold-thrusts without shale core. The thrust faults terminate below marker reflection 
X without apparent thickening in the basal shale unit. The deformation degree and fault displacement decrease 
from the central position (a) to western margin (b). TWTT = two-way travel time. Vertical exaggeration (VE) is ∼2:1 
assuming a 3,000 m/s seismic velocity.
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prekinematic reflections (Figure 12). This package records deposition as the gravity-driven structural defor-
mation initiated. The thickest parts away from structural highs indicate the depocenters of piggyback basins. 
Three component growth units (GU1–GU3) are recognized within growth package W which features appar-
ent onlaps onto the fold limbs and indicate at least three episodes of sediment filling. Upward-shallowing 
of strata dips is clearly observed within the growth units, indicative of high growth rate with respect to the 
sediment accumulation rate during the growth package W (Figure 6b). Over the crest of the high-relief 
fold-thrusts in the western study area, growth package W is largely eroded by younger submarine channels 
(Figure 12a), a phenomenon not seen in the lower-relief fold-thrusts in the eastern study area (Figure 12b). 
Across the central oblique detachment fold (Figure 12c), the fold crests and depocenters gradually migrate 
northwest from GU1 to GU3, reflecting asymmetrical uplift in the western limb of the oblique detachment 
fold.

Erosion-reconstructed isochron maps for GU1–GU3 (Figures  13a–13c) reveal main thrusting coevolved 
with the oblique detachment fold as growth package W was being deposited. At the early time of GU1 
(Figure 13a), the major thrusts largely formed in both the western and eastern study areas together with 
high-relief folding deformation in the hanging wall. Growth unit thickness varies greatly across the fault 
traces resulting in the elongated basin C between imbricate thrusts. In the meantime, the central oblique 
detachment fold initiated near the lateral linkage zone between thrusts with a narrow fold crest, which 
laterally separated the western basin A from the eastern basin B in the hanging wall of thrust faults. As 
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Figure 10.  Uninterpreted and interpreted seismic reflection profiles across the central study area (see Figure 2b for the seismic line location) showing the 
deformation characteristics of oblique detachment fold. The oblique fold VI features asymmetrical geometry with a steeper eastern limb compared to the 
western limb (a). Underneath the fold crest and western limb develops thickened shale core between marker reflections Y and Z, contrasting with thinning of 
shales underneath the eastern limb (a, b). (c) Inset section from (a) showing tiers of closely spaced normal faults over the crest of detachment fold. The oblique 
detachment fold is longitudinally bounded by an oblique strike-slip tear fault which displays a high-angle thrust fault in cross section (d, inset section from b). 
TWTT = two-way travel time. Vertical exaggeration (VE) is ∼2:1 assuming a 3,000 m/s seismic velocity.
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GU1 evolved into GU2 and GU3 (Figures 13b and 13c), structural relief of the main fold-thrusts reduces 
gradually and basin C become less recognizable, indicating that the downslope thrusting intensity weak-
ened gradually through time. In contrast, the central oblique detachment fold extends longer to the upslope 
and across the downslope fold-thrust belt as well, resulting in the eastern and western fold-thrusts laterally 
separated. The detachment fold axis migrates to the northwest with the fold limbs rotating asymmetrically, 
which corresponds to the northwestward-migration features observed in seismic profile (Figure 12c). As a 
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Figure 11.  (a) Root mean square (RMS) amplitude map extracted within the prekinematic sequence, showing lateral 
displacement of the submarine channel by the strike-slip tear fault. (b) Reconstruction of the pretectonic submarine 
channel.
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result, the western fold-thrusts partly merged with the central detachment fold at time of GU3 forming the 
shale-cored fold-thrusts observed in seismic profiles (Figures 8a and 8b). Over the western study area two 
sets of chaotic weak reflections with internal block rotation are observed in GU2 and GU3 (Figure 12a), rep-
resenting mass-transport deposits (MTDs) (e.g., Gong et al., 2014; Morley, 2009; Moscardelli & Wood, 2008). 
These MTDs are assumed to be of intrabasinal origin (e.g., Heinio et al., 2006; Madof et al., 2009) with short 
distance of sliding and slumping, associated with the remobilization of unconsolidated deposits trigged by 
intense structural uplift of the detachment fold.

5.2.  Growth Package V (GU4–GU5): Dominant Shale Detachment Folding

The middle growth package V is a set of moderate-to-low-amplitude, sheet-like reflections which show 
gentle strata wedge with depocenters diverted away from the underlying growth package W (Figure 12). 
The migration of depocenters suggests that the paleotopography has changed a great deal from growth 
package W to V. The gentle strata wedge thinning from the depocenters to the fold crest reflects moderate 
growth rate with respect to the sediment accumulation rate during growth package V. A low-angle onlap 
unconformity is identified near the fold crest which defines two component growth units (GU4–GU5) with-
in growth package V. These units are eroded by younger incisional channels crossing the high-relief fold 
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Figure 12.  Seismic stratigraphic interpretation across the western fold-thrust structure (a, inset map from Figure 8b), the eastern fold-thrust structure (b, 
inset map from Figure 9b), and the central detachment fold (c, inset map from Figure 10a), showing varied strata architecture within the synkinematic section. 
Syngrowth strata over the western fold-thrusts is affected by mass-transport deposits and local channel incision. Growth units within the lower growth package 
W (GU1–GU3) feature lateral migration of structural highs and depocenters, which transitions into vertical stacking features for the upper growth package V 
(GU4–GU5) and U (GU6–GU8). TWTT = two-way travel time. Vertical exaggeration (VE) is ∼2.5:1 (a), 1.5:1 (b), and ∼3.5:1 (c) assuming a 3,000 m/s seismic 
velocity.
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Figure 13.  Isochron map for growth units within the growth package W (GU1–GU3) and V (GU4–GU5) showing the evolution of thrust-related structures and 
piggyback basins over the study area. The lower growth package W (GU1–GU3, a, b, c) features coevolution between thrusting and shale-detachment folding 
with piggyback basins well developed. The upper growth package V (GU4–GU5, d, e) is dominated by large shale-detachment fold with weakly active thrusting 
and limited piggyback basins. TWTT = two-way travel time.
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crest in the western study area (Figure 12a), but well preserved at the lower-relief fold crest in the eastern 
study area (Figure 12b). Over the hanging walls of main thrusts, upward-shallowing of strata dips is poorly 
shown in growth package V indicating general low thrusting intensity. In contrast, upward-shallowing of 
strata dips in growth package V is apparent across the central detachment fold (Figure 12c), and the fold 
crest for each growth unit is mainly vertically stacked with less lateral migration. These suggest that the 
shale-detachment fold uplifted symmetrically and predominated over the weak thrust-related folding at 
time of growth package V.

Erosion-reconstructed isochron maps for GU4–GU5 (Figures 13d and 13e) reveal the dominance of oblique 
detachment fold that features broad fold crest occupying most of the central study area. The western fold-
thrusts at this stage had largely merged with the central detachment fold, causing the western basin A to 
be limited to the northwestern side of the study area. The eastern basin B partly extends across the weakly 
active thrust faults. The elongated basin C between imbricate thrusts is poorly developed due to the lower 
thrusting intensity. At the time of GU4, the central detachment fold featured a broad gentle western limb 
and a narrow steep eastern limb (Figure 13d), which evolved to be symmetrical steep limbs with increased 
structural relief at the time of GU5 (Figure 13e). The basin A and B in GU5 expanded toward the central 
fold crest with onlap-thinning observed over the steep fold limbs (Figure 12c). These suggest that from GU4 
to GU5 the central detachment fold had uplifted vertically, leading to the vertical stacking of growth units 
within the growth package V as opposed to the lateral migration of growth units within the growth package 
W (Figure 12c). Overall, analysis of the growth unit geometries and distributions demonstrates that the 
shale-detachment folding went through a transition from early lateral migration into late vertical uplift 
accompanied by the gradual weakening of thrusting.

5.3.  Growth Package U (GU6–GU8): Weak Shale Detachment Folding

The upper growth package U is characterized by a set of high-amplitude, wavy-to-chaotic reflections involv-
ing extensive development of U-shaped to wedge-shaped channel-levee deposits (Figure 12). As the strata 
thins slightly toward the crest of fold-thrusts, several onlapping unconformities are observed along with 
local channel erosion, which define three component growth units (GU6–GU8). These growth units largely 
overlap the crest of fold-thrusts with rare upward-shallowing of dips, suggesting much lower growth rate 
of thrust faults with respect to the high sediment accumulation rate. Across the crest of the eastern fold-
thrusts (Figure 12b), strata thickness changes minimally associated with a series of bypassed channel-levee 
deposits, suggesting much lower structural relief in the hanging wall that can hardly block the downslope 
transporting of sediment gravity flows. In contrast, the western fold-thrusts still kept some structural relief 
leading to the gradual thinning of growth units across the fold crest (Figure  12a). This structural relief 
diminished rapidly due to the high-rate infill of sediments within the associated basins and deep incision 
of channels over the structural highs. Across the central oblique detachment fold (Figure 12c), the wedge-
shaped growth units show progressive decrease in dip upsection near the fold crest, with some of the crestal 
normal faults extending to the seafloor. These features reflect that the shale-detachment folding still con-
tinues until present day, but with a lower growth rate with respect to the high sediment accumulation rate.

Isochron maps for GU6–GU8 (Figures 14a, 14c, and 14e) reveal the progressive disappearance of the central 
detachment fold as the associated basins were filled up by deepwater sedimentary systems. With the thrust-
ing being nearly stopped during this stage, the associated basins can extend beyond the main fold-thrusts 
showing elongated depocenters parallel to the regional slope. At time of GU6 (Figure 14a), the central de-
tachment fold featured a narrow fold crest, while the western fold-thrusts still kept a structural relief. The 
topographic highs in the central-western study area separated the western confined basin A from the east-
ern unconfined basin B that extended beyond the eastern fold-thrusts. RMS amplitude map extracted with-
in GU6 shows that highly sinuous aggradational channel complexes with widely extending levees bypassed 
the eastern elongated basin B (Figure 14b). Entering into GU7 (Figure 14c), the eastern basin B was almost 
filled up by the previous channel-levee deposits, leaving a nearly flat paleotopography at the eastern study 
area. Meanwhile, a deeply incised channel system in the western basin B broke through the topographic 
confinement, as shown in the corresponding seismic variance attribute map (Figure 14d), which cut out a 
narrow straight fairway over the crest of western fold-thrusts delivering sediments downslope (Figure 14c). 
During GU8 the basins were almost filled up leaving only a low-relief topographic remain of detachment 
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fold in the central the study area (Figure 14e). Over this central topographic relief developed two narrow 
depocenters formed by smaller-scale erosional tributary channels that confluence downslope into a main 
channel, as shown in the corresponding seismic variance attribute map (Figure 14f). Overall, the elongated 
depocenters formed by channel bypassing swing from GU6 to GU8 without spatial inheritance, demonstrat-
ing that the central oblique detachment fold had much lower growth rate that was outpaced by the sediment 
accumulation rate, leading to the disappearance of thrust-related structures and associated basins on the 
modern seabed.
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Figure 14.  Isochron map for growth units within the youngest growth package U (GU6–GU8, a, c, e) and the 
corresponding seismic attribute map (b, d, f) showing the evolution of depocenters and deepwater sedimentary systems. 
The growth units feature elongated depocenters poorly confined by the weakly active structures. These depocenters 
are widely filled by submarine channel-levee systems. (b) is RMS amplitude map extracted within GU6 showing 
highly sinuous aggradational channel-levee bypassing the eastern basin B. (d) and (f) are seismic variance attribute 
extracted within GU7 and GU8 showing several moderate-sinuous erosional channels crossing the structural highs. 
TWTT = two-way travel time.
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6.  Discussion
6.1.  3D Shale Deformation Process Interacted With the Structural Evolution

As revealed by the structural distribution and evolution of growth units, the deepwater gravitational system 
consists of two sets of fold-thrusts laterally separated by an oblique shale-detachment fold. Deformation 
within the basal shale unit is believed to have played a fundamental role in controlling the evolution history 
of the shale-related structures. The shale-cored fold-thrusts in the western study area are the key structures 
that potentially record the role of shale deformation on the thrusting and folding deformation in the over-
burden. Similar fold-thrusts overlying thickened shale core have been previously documented in the litera-
ture (e.g., Maloney et al., 2010; Morley, 2009), but with different interpretations. One interpretation suggests 
that local shale thickening occurs preceding the development of break thrust that subsequently propagates 
downward to join the deeper detachment (Morley, 2009; Morley & Naghadeh, 2018; Morley et al., 2017). 
Another interpretation suggests that thickening within the basal shale unit occurs following the early phase 
of thrust-propagation folding (Maloney et al.,  2010). Either interpretation, however, assumed that shale 
deformation was triggered by downslope gravitational contraction with shale shortening mainly occurring 
parallel to the regional slope, neglecting the role of lateral squeezing of shales that potentially results in 
more complex 3D shale deformation.

The 3D seismic interpretation in this study provides insight into the spatial morphology and deformation 
process of the basal shale unit, which helps to reinterpret the formation of shale-cored fold-thrusts from 3D 
perspective. The time structure map of the top prekinematic horizon (Figure 15b) reveals the proximity of 
the western shale-cored fold-thrusts to the central oblique detachment fold which was previously unnoted. 
Both structures are underlain by a large thickened shale core trending parallel to the regional slope, as 
shown in the isochron map of the Akata shales (Figure 15a). The thickness distribution of the basal shale 
unit is well correlated with the overlying structures (Figure 15b), suggesting an important connection be-
tween shale deformation and deformation styles in the overburden. As to the origin of this oblique shale 
core, there is a hypothesis that the shale may have a depocenter that was inverted to become the oblique 
trend, i.e., pretectonic shale thick. However, seismic section (Figure 10a) shows that the oblique shale core 
is primarily caused by shale thickening between marker reflections Y and Z, and spatially separates the 
eastern shale-thinning zone (averaging ∼1,700 ms in TWTT thickness) from the northwestern undeformed 
shale zone (averaging ∼1,900 ms in TWTT thickness). This feature suggests that the shale thick is closely 
related to redistribution of shales during the process of tectonic shortening, rather than a pretectonic, dep-
ositional shale thick. Considering the shortening of shales primarily occurs perpendicular to the regional 
slope, the downslope gravitational contraction is unlikely to be the direct cause for this oblique shale core. 
Based on the oblique orientation of shale core and thinning of shales in the eastern study area, we interpret 
that removed shales underneath the eastern fold-thrusts may have been laterally squeezed between marker 
reflections Y and Z resulting in northwestward shale thickening underneath the central detachment fold 
and western fold-thrusts. As this interpretation suggests, the marker reflection Z serves as the basal detach-
ment level above which a horizontal slip lies. The overlap distance between reflections Y and Z is less than 
20 km and is considered the greatest distance of lateral travel by thickened shales. This is feasible according 
to the analogs in nature or experiments that suggest the existence of tens of kilometers of contractional slip 
above the shale detachment (e.g., Butler & Paton, 2010; Dean et al., 2015).

Distribution of marker reflection Z provides more information on how lateral squeezing of shales may have 
progressed in space. Both marker reflection Z and the oceanic basement show a narrow NW-dipping slope 
zone in the southeastern margin of the study area (Figure 10a). According to the time structure map of the 
basement top (Figure 15d), the slope zone in the oceanic basement trends NE-SW and separates the south-
eastern zone of basement uplift from the central-northwestern zone of basement subsidence. This slope 
zone is likely caused by differential loading in response to redistribution of overlying shales. Marker reflec-
tion Z extends to the northwest subhorizontally and dies out near the undeformed shale zone (Figure 10a). 
A time slice at 6,250 ms crossing marker reflection Z shows the trace of the pinch-out points stretching out 
to the northwest in the central area (Figure 15c). Such pinch-out line represents the frontier of lateral shale 
squeezing where the horizontal slip along the basal detachment level Z stops. This suggests lateral shorten-
ing distance of shales varies along the strike of shale core between ∼5 and ∼20 km. The proposed model of 
lateral shale squeezing sufficiently explains the along-strike variations in shale deformation underlying the 
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western fold-thrusts (Figures 8a–8c), and support the idea that the shale core underneath the western fold-
thrusts originated from lateral squeezing of shale core underneath the adjacent central oblique detachment 
fold, not from downslope shortening of shales triggered by gravitational contraction.

Growth strata analysis and isochron maps of growth units suggest shale-detachment folding initiated in 
synchrony with downslope thrusting and folding in three dimensions, as opposed to two seemingly discrete 
processes in two dimensions (e.g., Maloney et al., 2010). The oblique shale-detachment fold initiated with 
a narrow crest and separated from the western fold-thrusts (GU1, Figure 13a). Thus early thrusting and 
folding in the western study area did not include shale thickening. Subsequently, the oblique shale-detach-
ment fold migrated northwest and gradually merged with the western fold-thrusts (GU2–GU3, Figures 13b 
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Figure 15.  (a) Isochron map of the Akata Formation showing an oblique shale core underneath the central detachment fold and western fold-thrusts. The 
shale thickness underneath the eastern fold-thrusts is below regional average thickness of Akata shales. (b) Time structure map of the top prekinematic horizon 
showing deformation within the overburden comparable to that within the basal shale unit (a). (c) Seismic time slice at 6,250 ms showing northwestward 
termination of marker reflection Z indicative of the frontier of lateral shale squeezing (dashed line). (d) Time structure map of the basement top showing 
NE-SW-trending structural slope in the basement (solid line). The frontier of lateral shale squeezing to the northwest and the structural slope to the southeast, 
confine the approximate extent of shale-thickening zone. TWTT = two-way travel time.
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and 13c). As contours on the isochron maps approximate the positions of equal accommodation space relat-
ed to similar topographic relief and slope, 200 ms isochron contours from each growth unit were selected to 
be overlain in map view (Figure 16), which reveals the continuous change of paleotopography in response 
to structural activity. Overlapping contour map from GU1 to GU4 (Figure 16a) shows early-stage lateral 
migration of the oblique detachment fold, resulting from the lateral movement of shales. Lateral squeez-
ing of shales caused shale-cored fold-thrusts to gradually form in the western study area. The overlapping 
contour map from GU4 to GU6 (Figure 16b) shows the central oblique detachment fold transitioned from 
early-stage lateral migration to late-stage vertical uplift, with growth units vertically stacked in seismic pro-
file (Figure 12c). This feature suggests deformation within the shale core was dominated by vertical thick-
ening with minimal lateral movement of shales. The western fold-thrusts continued to uplift in response 
to the vertical thickening of shales, possibly corresponding to late-stage detachment folding as proposed by 
Maloney et al. (2010). Overall, spatiotemporal evolution of the growth units reveals synchronous timing of 
lateral shale squeezing with the main thrusting and folding as well as evidence that the shale deformation 
process involves an early-stage lateral movement and late-stage vertical thickening.

Regarding controlling factors behind the shale deformation process, this study proposes differential con-
traction between the western and eastern study areas may be a key factor influencing lateral movement of 
shales. As shown in Table 1, fold-thrust I in the western study area has much larger fold amplitude, fold 
wavelength, and fault displacement than fold-thrust IV in the eastern study area. This reflects the difference 
in structural shortening between these two adjacent fold-thrusts. The lateral differential structural short-
ening is considered to be largely consumed by the strike-slip tear fault linking fold-thrust I and IV (Fig-
ure 17a), and shear stress can be induced in the backlimb strata which may have promoted the oblique fold-
ing deformation (Figure 17b). Deep in the basal shale unit, the main thrusts terminate deeper in the western 
study area (below marker reflection Y) than in the eastern study area (below marker reflection X). With this 
lateral difference in thrust termination depth, the marker reflection Y uplifted in the western study area and 
gradually separated from its eastern counterpart, e.g., the marker reflection Z herein. As a consequence, the 
overpressure of shales beneath the western marker reflection Y was released generating east-to-west shale 
pressure difference, which may have driven the lateral movement of shales beneath marker reflection Y 
with the basal marker reflection Z detaching to the west. Figure 17b is a 3D block diagram illustrating how 
the lateral movement of shales may have interacted with the differential contraction in the overburden. 
This model remains to be substantiated by structural physical simulation experiments in the future. From 
the perspective of the wider Niger system, the variation of structural shortening in the localized study area 
is considered an effect of differential radial spreading of the delta higher on the slope (Figure 17a). During 
radial outward gravity spreading of the Niger Delta, the delta top extensional strain varied significantly 
along the strike of slope, leading to extensive development of delta toe oblique extensional tear faults and 
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Figure 16.  (a) Overlap map of 200 ms isochron contours from GU1 to GU4 showing early-stage lateral migration of the 
central oblique detachment fold. (b) Overlap map of 200 ms isochron contours from GU4 to GU6 showing late-stage 
vertical uplift of the central oblique detachment fold.
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segmented thrusts (Figure  1a, after Wu et  al. [2015]). The differential spreading of deltas is a common 
feature of large fluvial-deltaic systems, such as the Orange system offshore Namibia, the Amazon system 
offshore Brazil, and the Baram system offshore Brunei, where similar delta toe oblique structures have 
been recognized (e.g., Morley, 2009; Morley et al., 2011; Scarselli et al., 2016; Yang et al., 2020). This study, 
despite the limited area, documents a delta toe oblique structure style potentially representative of other 
parts of the Niger system with differential gravity spreading along strike and downdip transition between 
translational zone (shale deformation zone) and fold-thrust belt (Figure 17a). The mechanism proposed in 
this study reveals the relationship between oblique structures and shale deformation (Figure 17b), which 
has not been fully evaluated from early studies and may be applied to other oblique structures in the Niger 
system or within similar systems elsewhere.

Differential sediment loading is another important factor potentially contributing to lateral squeezing of 
shales. Previous studies revealed that overpressured shales, at times similar to mobile salt units, can deform 
in response to differential sediment loading and produce a series of shale-withdrawal minibasins (Blanchard 
et al., 2019; Dean et al., 2015; Duerto & McClay, 2011; Galindo & Lonergan, 2020; Ings & Beaumont, 2010; 
Ruh et al., 2018; Soto et al., 2010). The differential sediment loading here is considered to mainly arise from 
syntectonic sediment loading, since pretectonic sediment loading changes minimally across the study area 
with nearly isopachous strata (Figure 17c). In this study, we attribute the differential sediment loading be-
tween western and eastern study areas to asymmetrical migration of growth units, especially during growth 
package W. With the gradual uplifting of the western limb of the central detachment fold, the depocenters 
of overlying growth units (GU1–GU3) migrated northwest, contrasting with the eastern limb over which 
the growth unit depocenters were almost stacked vertically (Figure 16a). Consequently, the larger sediment 
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Figure 17.  Schematic illustration of 3D shale deformation interacted with downslope thrusting. (a) Regional 3D cartoon showing the spatial configuration 
between downdip thrust-related structures and updip extensional structures. Differential gravity spreading along the strike of continental slope is the main 
driver for the development of oblique tear faults and detachment folds. The black box represents the tectonic location of oblique detachment fold between 
the western and eastern fold-thrusts. The lateral and downslope motions are indicated by black and white arrows, respectively. (b) Early-stage lateral shale 
squeezing induced by differential contraction. During this stage the central oblique detachment fold initiated and migrated laterally, while the shale-cored 
fold-thrusts gradually formed. (c) Regional 3D cartoon showing the evolution of delta toe oblique structures in response to differential syntectonic sediment 
loading. The oblique detachment fold uplifted (cyan arrow) with a broad fold crest, while the adjacent synclines subsided (yellow arrow) with thick syntectonic 
sediments deposited. (d) Late-stage vertical shale thickening caused by differential loading from syntectonic sediments. The overburden continued to uplift 
despite the weak thrusting during this stage. Section A illustrates the evolution of shale-cored fold-thrusts and section B illustrates the evolution of simple 
fold-thrusts.
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loading in the eastern study area could cause evacuation of shales within the basal shale unit and the re-
moved shales would be squeezed into the adjacent fold core which was overlaid with smaller sediment load-
ing (Figures 17c and 17d). The effects of differential sediment loading could dominate those of differential 
contraction as thrusting intensity weakened greatly following growth package W. Accordingly, deformation 
within the basal shale unit was dominated by vertical shale thickening with minor lateral movement of 
shales, which resulted in the vertical uplift of the detachment fold. Local extension was generated over the 
crest of uplifting detachment fold with two sets of crestal normal faults cutting through the overburden 
(Figure 10). The shale-detachment folding gradually weakened with the decreased differential sediment 
loading over time. Figure 17d illustrates how the vertical thickening of shales interacted with the differen-
tial sediment loading from growth strata. This model reflects potential shale tectonic features discussed in 
the following section.

6.2.  Deformation Mechanisms Within the Basal Shale Unit

External factors including differential contraction and differential loading, have been discussed to exert 
significant controls on the shale deformation process, which is crucial to the structural evolution over the 
study area. The deformation mechanisms within the basal shale unit, however, are still a subject of con-
troversy and poorly constrained in lack of sufficient evidence from high-quality seismic data. Tradition-
ally, ductile deformation is believed to be fundamental in the shale deformation process. The term “mo-
bile shale” was commonly used to illustrate the plastic flow occurring in the seismic-unresolved unit (e.g., 
Briggs et al., 2006; Cohen & McClay, 1996; Latta & Anastasio, 2007; Morley, 2003; Morley & Guerin, 1996; 
Wiener et al., 2010). Improved quality of seismic reflection data has prompted more recent work on the 
reinterpretation of mobile shale which has largely been imaged as incoherent reflectivity, and structural 
thickening through brittle deformation has been suggested to play an important role in accommodating 
strain within a basal shale unit (e.g., Couzens-Schultz et  al.,  2003; Maloney et  al.,  2010; Morgan,  2015; 
Morley et al., 2017, 2011; Plesch et al., 2007). By providing more details of seismic reflection within the 
deformed shale unit, this study demonstrates that brittle and ductile deformations are combined in the 
shale deformation process, as previously suggested (e.g., Duerto & McClay, 2011; Maloney et al., 2010; Mor-
ley et al., 2017, 2018, 2011; Van Rensbergen & Morley, 2003), via a series of multiscale brittle failures and 
plastic flows. Although it is well known that the subseismic deformation such as lateral compaction can 
be a major element in poorly consolidated sequences (e.g., Butler & Paton, 2010), our main concern in this 
study is seismic-observed deformation within the weak shale units that ranges from hundreds to thousands 
of meters in scale.

Brittle deformation is proven to have occurred within the basal shale unit at various scales effectively trans-
ferring horizontal displacement into vertical thickening of the shale unit. We define the levels of brittle 
failures based on the relative scale and configuration relationship between brittle surfaces. (1) The marker 
reflection Z beneath the shale core is defined as the first level of brittle failure surface, which served as the 
master detachment level with significant horizontal slip above. New brittle failures gradually formed in the 
frontier of reflection Z as it extended to the northwest during the lateral squeezing of shales (Figure 18d). 
This brittle extension of the master detachment allows horizontal shortening of shales to continue at the 
base which was then transferred into vertical thickening of shales. (2) The marker reflection Y on top of 
the shale core exhibits discontinuous segments displaced by a series of secondary thrust faults (Figures 18c 
and 18d), and these faults are defined as the second level of brittle failures contributing to local thickening 
on top of the shale core. As shown on the time slice at 5,500 ms (Figure 18a) and the time structure map of 
reflection Y (Figure 18b), these secondary thrust faults trend oblique to the regional slope and likely formed 
due to the combined effect of downslope contraction and lateral squeezing of shales. (3) Within the thick-
ened shale core, several shingled, moderate-amplitude trough reflectors are visible in the strike-oriented 
reflection profile (Figure 18d), which are subhorizontal in the strike-normal reflection profile (Figure 18d). 
These shingled reflections are defined as the third level of brittle failures forming an oblique thrusted du-
plex structure within the shale core. This kind of thrusted duplex structure is considered a key element in 
transferring horizontal shortening into vertical thickening of the shale unit. Besides, the subseismic scale of 
brittle failures is also expected to contribute to the thickening shale core. Similar thrusted duplex (Morley 
et al., 2017; Plesch et al., 2007) or anticlinal stack (Maloney et al., 2010; Noack, 1995) through multiscale 
brittle failures are reported in the literature, which suggest that brittle deformation occurring at multiple 
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scales can cause rapid growth of the detachment fold with relatively little displacement while also being 
able to accommodate strain within the detachment-fold core without plastic flow (Maloney et al., 2010).

A lack of thinned regions of Akata shale in adjacent areas is recognized as an important clue which sup-
ports structural thickening through brittle deformation instead of mobile shale flowing into the anticlinal 
core (Maloney et al., 2010). In this study, however, thinning shales adjacent to the thickened shale core are 
observed in the eastern study area (Figure 15a). The prekinematic Agbada Formation overlying the thinned 
eastern region of Akata shale exhibits apparent synclinal geometry with a group of growth units continu-
ously filling the depocenters and onlapping to adjacent fold limbs (Figures 4a and 12c). These features are 
similar to the Bahia basin offshore Colombian Caribbean (Galindo & Lonergan, 2020), which are believed to 
indicate downbuilding trend of the syncline and represent shale tectonic features. Thus, it is interpreted that 
ductile shale had withdrawn beneath the eastern study area and flowed into the adjacent detachment-fold 
core, contributing to the growth of detachment fold (Figure 19a). As a result, the eastern basin B may have 
transitioned from an early piggyback style basin into a shale-withdrawal minibasin (Figure 19a), but as 
the basin is not fully covered by the seismic data set, it is unclear whether it is indeed a subcircular or oval 
basin. However, a closer look at the elongated basin C finds a smaller subcircular depression (Figures 19a 
and 19b), which occurred during GU3–GU5 (Figure 19c). This feature can support the interpretation of 
shale tectonics to some degree. In addition to the local flow of shales from beneath synclines adjacent to 
the fold core, the marker reflection Y on top of the thickened shale core is deformed with convolute geome-
tries, as shown on the reflection profile and time slice (Figures 18a, 18c, and 18d). These kinds of convolute 
deformations are related to secondary thrust faults in the shales and are a likely indication of ductile folding 
deformation in the process of shale thickening. Since what appears to be ductile on seismic could be brittle 
at outcrop or well scale, there remains a need to test the seismic interpretation of ductile shale deformation 
when additional well data become available. Despite this seismic uncertainty, ductile deformation com-
bined with multiscale brittle failures has been suggested to effectively fill the void created by fold amplifica-
tion (e.g., Maloney et al., 2010; Morley et al., 2017; Van Rensbergen & Morley, 2003). Overall, much of the 
evidence from this study supports the recent view that most of what was previously assumed to be chaotic 
shale “diapirs” are actually shale-cored anticlinal folds with complex internal structures of faulting and 
folding (e.g., Duerto & McClay, 2011; Maloney et al., 2010; Morley et al., 2017), and also emphasizes that the 
local flow of shales characteristic of mobile shales can occur beneath adjacent synclines.

Seismic imaging of the shale internal structures suggests that lateral squeezing of shales from syncline 
regions into adjacent fold cores occurred through a mixture of local flow of shales, ductile folding, and 
multiscale fault structures (basal detachment level, top thrust faults, and internal thrusted duplex) as sum-
marized in Figure 20. The local flow of shales observed in the eastern study area reflects the nature of mo-
bile shales, while the incoherent structures within the shale core more reflect the nature of brittle shales. 
A similar mixture of brittle shales and softer mudrocks has also been interpreted in the Cenozoic Eastern 
Venezuelan fold and thrust belt based on clear seismic imaging and drilling cores (Duerto & McClay, 2011). 
As a matter of fact, a strict distinction between ductile and brittle deformations is difficult to make for 
shales because the pressure-temperature conditions would change during burial and cause evolution of 
shale properties. It is assumed that the change of shale composition and pore-fluid pressure allows plastic 
flow in water-rich mudrocks to transition into brittle deformation in stiffer shales as temperatures reach 
around 80°C at a depth of >2–3 km (Day-Stirrat et al., 2010; Thyberg et al., 2010), the resulting deforma-
tion of both viewed macroscopically may look ductile and may involve squeezing of shales from areas of 
high pore-fluid pressure to areas of lower pore-fluid pressure. Due to improved seismic resolution and new 
understanding of chemical diagenesis in shales, the existence of thick, deeply buried mobile shales has 
been widely challenged (e.g., Day-Stirrat et al., 2010; Duerto & McClay, 2011; Morley et al., 2017, 2018; Van 
Rensbergen & Morley, 2003). Nonetheless, other strong cases are found in the Bahia basin offshore Colom-
bian Caribbean (Galindo & Lonergan, 2020), the Shannon basin offshore Ireland (Blanchard et al., 2019), 
the Alboran Sea (Western Mediterranean) (Soto et al., 2010), and other parts of the deepwater Niger Delta 
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Figure 18.  Seismic reflection characteristics within the basal shale unit showing the shale deformation mechanisms. Seismic time slice at 5,500 ms (a) and time 
structure map of marker reflection Y (b) show the map view of several brittle failures and ductile folding in marker reflection Y. Sections (c) and (d) are inset 
maps from Figures 8a and 10b, respectively, showing both brittle and ductile deformations within the basal shale unit. Several shingled moderate-amplitude 
reflections are recognized within the shale core forming a thrusted duplex structure (d), which are subhorizontal in section (c). Plastic flow occurring near the 
shale-thinning zone also contributes to the thickening of detachment-fold interior. TWTT = two-way travel time.
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Figure 19.  Seismic time slice at 3,700 ms (a) and inset maps from the time structure map of the top prekinematic horizon (b) and isochron maps of GU1–
GU5 (c), showing shale tectonic features. The yellow arrows indicate local flow of shales from beneath synclines into adjacent anticline cores. The subcircular 
morphology of basin B has yet to be tested in the absence of seismic data southeast of the study area. The elongated basin C contains a smaller subcircular 
depression which occurred during GU3–GU5.



Tectonics

(e.g., Krueger & Grant,  2011; Morley & Guerin,  1996; Wiener et  al.,  2010), where evidence such as the 
downbuilding synformal depocenters and the development of shale-withdrawal minibasins lends support 
to the mobile shale interpretation. Quantitative evaluation of gravity-driven deformation from the Orange 
Basin offshore Namibia also reveals that subseismic ductile deformation, likely as lateral compaction and 
volume loss, can be necessary to balance the mismatch between contractional strain and extension higher 
on the slope (Butler & Paton, 2010). A numerical model from Dean et al. (2015) suggests that oceanward 
thinning of the Akata shales in the Niger Delta prompted deformation in mobile shale to occur further 
oceanward, thus enabling the development of a second outer fold and thrust belt separated from the first 
by a largely undeformed zone. This may explain the local presence of mobile shales in the study area lying 
between the outer fold and thrust belt and translational zone. Overall, this study complements recent work 
on reinterpretation of mobile shale substantiating the claim that unlike salt deformation, shale deformation 
can involve more complex (both ductile and brittle) mechanisms and have more individualized variability 
in thickness, structure, and macroscopic deformation style within basal shale units. As previously suggested 
(e.g., Morley et al., 2017, 2018), this variability is the result of multiple factors that interconnected on sev-
eral scales, such as mechanical stratigraphy, pore-fluid pressure, shale mineralogy, deformation rate, and 
pressure-temperature conditions.
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Figure 20.  Schematic illustration of shale deformation mechanisms. (a) Cross section of detachment-fold core 
showing the combination of multiscale brittle failures, ductile folding and local plastic flow of shales. (b) Cross section 
of shale-cored fold-thrusts showing the deformation features associated with lateral squeezing of shales.
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7.  Conclusions
This study provides an example of a deepwater gravitational system developed above a deformed shale unit, 
improving our understanding of the role of shale deformation in a gravity-driven setting. The studied deep-
water gravitational system consists of three structural styles: shale-cored fold-thrusts, fold-thrusts without 
shale core, and oblique detachment fold. All three structural styles are spatially connected and coevolved 
through time as related to redistribution of the underlying shales. Based on the oblique orientation of de-
tachment fold and 3D deformation within the basal shale unit, we conclude that the oblique shale core 
beneath the fold crest was formed by lateral squeezing of shales beneath adjacent synclines, rather than 
due to downslope contraction. The differential contraction between4 adjacent fold-thrusts is considered a 
key factor in controlling lateral movement of shales, which had been dominated by vertical thickening of 
shales as a result of differential loading from asymmetrically stacked growth units overwhelmed the weak-
ened thrusting. Seismic imaging of the shale internal structures also confirms that redistribution of shales 
occurred through combined ductile and brittle deformations (instead of any single mechanism), involving 
local flow of shales, ductile folding, and multiscale fault structures. This conclusion complements recent 
work reinterpreting mobile shale, emphasizing the continued existence of mobile shale locally (mostly be-
neath the synclines) despite the general reinterpretation of thickened shales within the detachment-fold 
core as complex internal structures of faulting and folding (not salt-like shale “diapirs”). This study high-
lights the fundamental role that shale deformation may play on the various structural styles (particularly 
the oblique folds and faults) in a gravity-driven setting and supports previous understanding that shale 
deformation behaviors show great complexity and variability as caused by multiple factors at a variety of 
scales.
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