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Abstract: Rollover is the folding of the hanging-wall sedimentary record in response to slip on
listric normal faults, and is a common feature of sediment-rich, gravity-driven tectonic provinces.
Rollovers have been extensively studied by means of geometrical reconstruction, and numerical
and analogue modelling. However, the detailed interaction between the kinematics of bounding
listric normal faults and their hanging-wall deformation is not yet fully understood. In this
study, we use 3D seismic-reflection data from the Forcados-Y okri area, western Niger Delta, Nige-
ria, to study the lateral linkage and landwards backstepping history of an array of listric normal
faults, particularly focusing on their influence on the development and evolution of hanging-
wall rollovers. Five individual, partly overlapping rollover structures have been studied with
respect to their relative initiation and decay time, their spatial distribution, and their relationship
to the tectonic history of their respective bounding faults. We demonstrate that the studied rollovers
are highly dependent on the development of their bounding faults in terms of initiation time, lateral
linkage, internal structural development and decay. Fault—rollover interaction is dynamic and
changes through time depending on the temporal evolution of listric faults. Four genetic types
of fault—rollover interaction were identified in this study: (1) the rotation of a rollover—crestal-
collapse system, controlled by a changing lateral bounding-fault orientation during fault growth;
(2) a stepwise shift of rollover—crestal-collapse systems associated with rollover abandonment,
controlled by the initiation of a new fault in the footwall of an older structure; (3) a gradual
shift of successive rollovers controlled by branching main faults; and (4) a general landwards and
upwards migration of crestal-collapse faults within a rollover above stationary listric main faults.

Listric normal faults are characteristic of gravity-
driven thin-skinned structural domains, including
the Niger Delta (e.g. Doust & Omatsola 1989;
Dula 1991; Morley & Guerin 1996; Rouby & Cob-
bold 1996; Hooper et al. 2002; Back et al. 2006;
Fazli Khani & Back 2012; Sapin et al. 2012), the
Nile Delta (e.g. Sestini 1989; Beach & Trayner
1991; Marten et al. 2004), the Mahakam Delta
(e.g. Dooley et al. 2000), the Baram Delta province
of NW Borneo (e.g. Sandal 1996; Van Rensbergen
& Morley 2000; Hodgetts et al. 2001; Imber et al.
2003; Morley et al. 2003; Saller & Blake 2003;
Back et al. 2005, 2008; Sapin et al. 2012) and the
Gulf of Mexico (e.g. Lopez 1990; Cartwright et al.
1998; Brown et al. 2004; Shen et al. 2016). Deposi-
tion of denser sediments, mainly sandstones above
water-saturated shales or evaporites (weaker sub-
stratum), create a gravitational instability that is
commonly accommodated by synsedimentary nor-
mal faults (Thorsen 1963; Bruce 1973; Edwards

1976; Lowell 1985; McCulloh 1988; Morley & Gue-
rin 1996; Rouby & Cobbold 1996; Van Rensbergen
& Morley 2000; Back & Morley 2016). Space cre-
ated by the initiation of normal faults will be filled
continuously by sediments (Fazli Khani & Back
2015a), and the additional load represented by
these sediments helps to maintain slip on the fault.
Progressive slip on the listric fault usually triggers
the initiation of a rollover anticline in the hanging-
wall domain (Gibbs 1984; Xiao & Suppe 1992;
Mauduit & Brun 1998). Rollover anticlines and
associated crestal-collapse faults can thus be inter-
preted as the consequence of stratal bending due to
slip along listric normal faults with synchronous
sedimentation. In sediment-rich deltaic settings,
the synkinematic sedimentary record of rollovers
can therefore preserve, for example, the conse-
quences of lateral fault growth and linkage, changes
in the strike of the bounding fault or the decay of slip
along growth faults through time. The interaction
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between a listric normal fault and its hanging-wall
rollover has been demonstrated by analogue model-
ling (e.g. Ellis & McClay 1988; Vendeville & Cob-
bold 1988; McClay 1990; Withjack et al. 1995;
Withjack & Schlische 2006), numerical modelling
(White et al. 1986; Xiao & Suppe 1992; Ings &
Beaumont 2010) and by 3D seismic interpretation
(Hodgetts et al. 2001; Imber et al. 2003; Back
et al. 2006; Pochat et al. 2009; Fazli Khani &
Back 2012, 2015a). The study of Imber et al.
(2003) on a listric growth-fault system from SE
Asia is particularly important in that it demonstrates
in one part of their study area a prolonged and pro-
gressive landwards migration of active rollover in
the hanging wall of a stationary main fault, while
in another there is a punctuated migration directly
related to the stepping of the bounding fault. Fazli
Khani & Back (2012) documented a similar
dynamic rollover development tied to bounding-
fault migration in the Niger Delta, highlighting the
landwards rollover migration and complexities in a
system affected by coinciding seawards and land-
wards fault migration. This study (using the same
dataset described by Fazli Khani & Back 2012,
2015a, b) focuses on a detailed analysis of the
migration, lateral linkage and geometrical changes
associated with multiple shifting, growing and link-
ing bounding faults that affect the development of
several adjacent, partly overlapping rollovers. We
present, as examples, five coupled growth-fault roll-
over systems that have been identified on 3D
seismic-reflection data from the western Niger
Delta (Fig. 1). In these systems, bounding-fault
growth and linkage can be documented by fault-
kinematic analysis (throw—distance and throw-—
depth plots) and analysis of time—thickness maps.
These data are subsequently analysed with respect
to the development of the associated rollover and
crestal-collapse systems, documenting significant
diversity between neighbouring, partly contempora-
neous, detaic rollovers.

Geological framework

The Niger Delta is one of the Earth’s largest Ceno-
zoic delta systems. It formed during the separation
of South America from Africa during Early Creta-
ceous times (Whiteman 1982; Fairhead & Binks
1991). It is located on the West African continental
margin at the apex of the Gulf of Guinea (Fig. 1a).
Deltaic sedimentation started during the Late Eo-
cene (Burke 1972; Whiteman 1982; Damuth 1994)
at the SW (seawards) edge of the Benue Trough.
The delta succession comprises a highly prograda-
tional, generally upwards-coarsening association
of Cenozoic clastics up to 12 km thick (Doust &
Omatsola 1989). The Niger Delta lithostratighraphy
is subdivided into three major units from the

Paleocene to recent in age, comprising: (1) basal
marine pro-delta shales of the Akata Formation;
(2) sandstone-rich paralic siliciclastics of delta-
front, delta-topset and fluvio-deltaic environments
of the Agbada Formation; and (3) alluvial and
upper coastal plain sandstones of the Benin Forma-
tion (Fig. 1b) (cf. Short & Staeuble 1967; Evamy
et al. 1978; Whiteman 1982). The delta stratigraphy
and structure are intimately related, with the devel-
opment of each being dependent on the interplay
between sediment supply and subsidence (Doust
1990). The study area is located in the extensional,
gravity-driven coastal structural domain of the
delta (Fig. 1a, c), in which the progradation of the
deltaic sedimentary wedge over basal marine shales
caused the formation of numerous kilometre-scale
synsedimentary growth faults (Fig. 1b) (Doust &
Omatsola 1989; Damuth 1994; Hooper et al. 2002).

Figure 1c shows an example of a horizon slice
that highlights the occurrence of faults in the study
area, emphasizing a series of major arcuate-shaped,
seawards-dipping, normal deltaic faults that are, in
places, associated with hanging-wall rollovers. The
NW part of the study area is characterized by several
arcuate-shaped normal faults that extend laterally
over several kilometres (Table 1), dividing the
area into four fault blocks (Fig. 1c). In contrast,
the central and SE parts of the study area are char-
acterized by deltaic rollovers with collapsed crests
that are bound on the landwards side by a series
of sub-parallel, seawards-dipping, listric growth
faults (Fig. 2). On the seawards side, the rollover pro-
vince is bound by a large, slightly listric, seawards-
dipping fault system (SE segment of fault F1: Fig.
2). The vertical seismic sections of Figure 2 illus-
trate the relationships between the fault architecture,
the hanging-wall rollover geometries and the syn-
tectonic stratigraphic record. All major bounding
faults in the study area show a synsedimentary
growth signature: that is, they comprise thickened
or additional sedimentary units on their respective
downthrown sides.

Datasets and methods

The 3D seismic-reflection data used for this study
are from the uppermost 4 km of an approximately
400 km? survey area in the coastal zone of the west-
ern Niger Delta (Fig. 1). The seismic-reflection data
have been processed using pre-stack time migration,
and are in European zero-phase polarity convention
(i.e. a downwards increase in acoustic impedance
corresponds to a seismic trough, which is indicated
in red in the colour figures in this paper). Variance
attribute volumes were derived from the reflectivity
data using a semblance algorithm that highlights lat-
eral amplitude variations between adjacent seismic
traces (e.g. Fig. 1c). Detailed mapping and analysis
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Fig. 1. (a) Location and the major onshore geological units (based on Onuoha 1999) of the study area in the western
offshore, Niger Delta in Nigeria (offshore gravity-tectonic structural styles and bathymetric contours are based on
Damuth 1994). (b) Regional cross-section in the vicinity of the study area showing the regional stratigraphic units
and structural framework of the Niger Delta (based on Evamy et al. 1978). (¢) Time—structural map of the study area
highlighting major bounding listric faults (F1-F10) and their hanging-wall crestal-collapse normal faults.
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Table 1. Major bounding-fault characteristics in the study area

Fault name Strike Dipping  Length (at horizon D)  Maximum Location of maximum
towards (km) throw (ms) throw
Fault 3 (F3) NW-SE SW 8 250 Close to the linkage point
Fault 5 (F5) East—west South 11 700 At the centre of the fault
Fault 7 (F7) NW-SE SW 15 950 Close to the linkage point
Fault 8 (F8) East—west South 3.5 (in the study area) 400 Close to the linkage point
Fault 9 (F9) ENE-WSW  South 3 500 At the centre of the fault
Fault 10 (F10) NW-SE SwW 4.5 (in the study area) 650 Close to the linkage point

of synsedimentary faults in the seismic dataset were
based on interpreting a combination of vertical seis-
mic sections of varying orientation (Fig. 2), together
with time and horizon slices in reflectivity and var-
iance display, constructing time-—thickness maps,
conducting detailed fault-kinematic analyses based
on throw—depth plots that show the temporal evolu-
tion of faults, and throw—distance plots that show
their spatial evolution.

Fault throw measured in milliseconds for two-
way travel time (ms TWT) v. depth and distance
plots (Fig. 3), and fault-throw v. distance plots
(Fig. 4), were constructed from hanging-wall and
footwall cut-offs of all interpreted horizons mapped
on several orthogonal sections along the strike of all
main bounding faults. Compaction of sediments
may cause a loss of displacement of up to 15% in
the sand or mixed sand-shale successions, with
growth indices of greater than approximately 0.1;
decompaction is not necessarily required to deci-
pher first-order displacements and fault-growth his-
tories (Taylor et al. 2008). Throw—depth plots
(Fig. 3) (sensu Cartwright et al. 1998; Back et al.
2006; Hongxing & Anderson 2007; Baudon & Cart-
wright 2008; Jackson & Rotevatn 2013) illustrate
the growth periods of faults, and incremental
throw in any given interval can be readily deter-
mined from the plot, as can the displacement gradi-
ent for any interval. Throw—distance plots (Fig. 4),
in turn, illustrate the lateral growth and linkage of
fault systems. A single isolated fault has maximum
throw at its centre, decreasing laterally towards the
fault tips. Complex shapes of the throw—distance
curve can be observed, for example, in relay ramp
areas with steep throw gradients, or at the location
of fault-segment linkage with throw minima (Pea-
cock & Sanderson 1991; Gawthorpe & Leeder
2000; Duffy et al. 2015; Fossen & Rotevatn 2016).

Main bounding faults

This study focuses on 10 listric normal faults in the
SE part of the studied dataset that bound the major
rollover province of the SE to central study area,
labelled as faults F1-F10 (Figs 1c & 2). The faults

F5, F7, F8 and F10 meet at a common intersection
area (Figs 1c & 2), while F9 is oblique to F5 and
F10 connects these two faults. The major first-order
faults F5 and F7 are arcuate in map view, bounding
the dominant rollover anticline in their hanging wall
in the centre of the study area (Fig. 2). Faults F8, F9
and F10 are located in the footwall of F5 and F7 at
the western edge of the study area.

F3 strikes NW—SE over 8 km and dips towards
SW (Table 1; Fig. 2). To the SE, F3 links to F5 and
dies out towards the NW. The maximum of throw
of 290 ms is measured close to the linkage area with
FS5 (Fig. 3, plot B), decreasing towards the NW. F5
strikes generally east—west, with dips towards the
south. It extends over 11 km at mapped Horizon D
(Table 1; Fig. 2). Towards the NW, F5 links to F3
before terminating in the footwall of F4 (Figs 2 &
3). Along-strike throw measurements (throw—dis-
tance plot: Fig. 4) show a major decrease in throw
at the location of the linkage between F5 and F3. F5
strikes NW —SE in its central part; at the linkage area
to F9, it rotates toward the east, trending west—east
towards the intersection area indicated in Figure 2.
At the location of linkage to F9, a distinct decrease
in throw is observed on the throw—distance plot of
F5 (Fig. 4). F5S links to F7, F8 and F10 in the intersec-
tion area. Fault 9 strikes ENE—WSW over 3 km, and
links to F10 towards the NE and to F5 towards the
SW (Fig. 2). Fault 10 is located on the western edge
of study area in the footwall of F5, over 4.5 km in
length (Fig. 2; Table 1). This fault strikes NW—-SE
from the intersection area, marking its SE tip towards
the NW. The NW tip of this fault is located beyond
the extent of the study area. Fault 8 is located in
the footwall of F7, striking east—west from the inter-
section area. This fault is about 3.5 km long in the
study area (Fig. 2), with a maximum throw of
400 ms measured at the eastern end of fault close
to the edge of the study area (Fig. 2; Table 1).

Relative timing of fault initiation and
temporal evolution

The throw—depth plots of Figure 3 show the nature
and the kinematics of the main bounding faults.


http://sp.lyellcollection.org/

Vertical exageration = 3

al al al A}

SANITOLLNY YHAOTIOY ANV HOVIINIT LINVA TVINION

9T0Z ‘T Jequisdaq uo usbieg | BXRI01gIosiBIseAIUN e /B10°Uu0Nos| (00| A|'ds//:dny woJj pspeojumoq

Fig. 2. Structural map at Horizon D and five vertical cross-sections illustrating major structural elements and rollover anticlines in the centre of the study area. Seven horizons
have been mapped in the study area and are shown in the vertical time sections (ms, millisecond; TWT, two-way travel time). These horizons are labelled HA-HG from
shallow to deeper parts and are the basis for fault kinematics analysis. The dotted line on the map view shows the extension of F8 beyond the study area. Note that
cross-section A is perpendicular to sections B, C, D and E. Red arrows show the intersection locations.


http://sp.lyellcollection.org/

Throw (ms)
E - § 88 88 E
HA(-865)
HB(-1030)
HCI-1200)
HD(-1365)
s F10
HE(-1570)
HF(-1830):
Depth
(s, TWT)'
Throw (ms)
A 88 8 B 8 8
HA[-885) B
Ha(-1115) Hal-925)
HE(-1285) HB(-1135)
HOL-1470) HC(-1325)
F3
T HO[-1560)
N, HEL-1745)
Depth
(ms, TWT) HF1-2055)
Depth
(ms, TWD)

F =

HA[-835)

HB|-1080)

HE(-1345)

HD{-1560H

HE(-1895)

HF(-2220)
Depth

{ms, TWT)

Throw (ms)

g8 8

F10

F10

Throw {ms) Throw (ms)

&

400

K ;

G : 8§ 58888 H - B 88888

HAL-945) HAR935)
" Throw (ms)
& HB{-1150) HB(-1175) .8 &

H(-1440) HE(-1410)

HD{-1740} HDI-1530). HO(-1410)

Junction

HE(-2045) ares HE(-1725) F8 HD{-1530)

HF(:2445) HF(-2015) HE(-1725)

Depth Depth ~ e

(ms, TWT) {ms, TWT) ~ . HA2m3)

F5 -~ F7-1
- B 8 8 8B 8 8
D
Throw (ms) Haleoo)

Cn§§§§§§ HB(-1100)
HC1340)

L8201 Aggregate
HO{-1580):

HB(-1110)-
HE(-1855):

HC[1355)
weipazs){ F5

HO[-1590) S Depth Fo
(me, TWT)

HE(-1810)

HF(-2090)

Depth

(ms, TWT}

370
HAL-975)

HB{-1200)
HC(-1555)
HD(-1835)
HE[-2065)
HF(-2490)

Depth
{ms, TWT)

HAL-980)

HB{-1250)
HE[-1630)
HD{-1920)-
HE(-2150)
HF(-2585)

Depth
(ms, TWT)

Throw (ms)

-8 888 8

oozt

Throw {ms)

Fig. 3. Throw—depth profiles reflecting the growth of the studied faults. F3 shows rather isolated fault growth characteristics with the maximum throw at Horizon D decreasing
both upwards and downwards (plots A and B). F5 and F7 are synsedimentary growth faults with the maximum of throw at Horizon F decreasing upwards in the shallower
horizons. Profile D shows the influence of the initiation of F9 in the footwall of F5 (shaded rectangle; orange in the online version). When F9 initiates, a major amount of strain
accumulates at Horizon E, causing a throw minima on F5. The graph on the right in plot D shows the aggregate of throw on both F5 and F9, following the same trend as plot
C. Profiles E and F show differential fault activity along the strike of F10, highlighting the lateral (towards the north) decrease in fault activity. The vertical scale in brackets is

the mid-point between the hanging-wall and footwall cut-offs.
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From NW to SE, plots A and B show a vertical
decrease in throw along the length of F3 close to
its NW and SE tips, respectively (Fig. 3). The max-
imum throw of F3 occurs at Horizon D in both plots
A (about 320 ms TWT) and B (about 200 ms TWT),
decreasing both upwards and downwards. This
suggests that F3 initiated at Horizon D. The magni-
tude of the throw on F3 decreases towards the NW
from the area of linkage towards F5 at its SE tip
(see the variation in lateral throw at Horizon D in
plots A and B in Fig. 3). This suggests that F3 prop-
agated from the SE towards the NW, consistent with
its throw—distance plot in Figure 4.

Plot C of Figure 3 shows the variation in verti-
cal throw in the central portion of F5, with a max-
imum throw of 830 ms TWT measured at Horizon
F, the deepest horizon analysed. The throw de-
creases gradually upwards, which is characteristic
of blind faults or growth faults where the rate of
sedimentation is larger than the rate of fault

movement (Childs ef al. 2003; Hongxing & Ander-
son 2007). Profile D shows a variation in throw
for both F5 and F9 (Fig. 3). F5 has a maximum
throw of 410 ms TWT at Horizon F, decreasing
to about 210 ms upward at Horizon E. The throw
increases again to about 280 ms TWT at Horizon
D, and then decreases following the general trend
as observed in plot C. A comparison to the throw
profile of F9 shows an unexpected throw decrease
of F5 at Horizon E, which correlates with the
maximum throw at F9. This is interpreted as the
initiation time of F9. The initiation of Fault 9
close (less than 2 km at the location of plot D) to
the footwall of F5 might have caused strain to par-
tition between F5 and F9, as indicated by throw
minima at Horizon E of plot D (Fig. 3). The aggre-
gate throw measurement of plot D shows an identi-
cal trend to plot C, a fault—growth pattern with the
maximum at Horizon F, gradually decreasing
upwards.
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Plot E shows throw—depth measurements at the
NW end of F10 (edge of the study area), document-
ing a maximum throw of 140 ms TWT at Horizon D,
decreasing both upwards and downwards. Plot F
was measured close to the linkage area between
F10 and F5, F7 and F8, labelled as the intersection
area in Figure 2. This plot shows a maximum of
throw of about 670 ms TWT at Horizon E, decreas-
ing upwards. This observation highlights the initia-
tion time of F10 at Horizon E as a syndepositional
normal fault that grew towards the NW. A compar-
ison between plots E and F shows two different
throw —depth trends for F10 from the SE (syndepo-
sitional trend) towards the NW (post-depositional
trend).

Plot G shows the throw distribution at the
common intersection area of faults F5, F7, F8 and
F10, with 1050 ms throw at Horizon F, decreasing
upwards. Plot H shows the throw on F8 in the
footwall of F7, with two maxima: one at Horizon
E with 390 ms throw, and another at Horizon C
with 400 ms throw. In-between the two maxima,
the throw decreases to about 360 ms. This pattern
could either reflect that F8 initiated at the time of
deposition of Horizon E, becoming inactive at Hori-
zon D, which was then followed by an increase in
fault throw at Horizon C, alternatively F8 initiated
at Horizon C and grew downwards and linked to a
pre-existing, deeper-seated fault (sensu Fazli
Khani & Back 2015b). After deposition of Horizon
C, the throw along F8 decreased.

Plots K and L show the temporal evolution of F7
close to the intersection area and at the centre of the
fault, respectively. Both plots start with maximum
throw at Horizon F, decreasing towards the shal-
lower horizons, highlighting the typical syndeposi-
tional nature of this fault. At the very SE edge of
the study area, F7-1 has been interpreted as a
splay of F7, linking both laterally and vertically
onto F7; its location at the very edge of the seismic
data volume made throw—depth measurements on
this fault segment impossible.

Lateral fault growth and linkage

Throw—distance plots along the strike of the studied
faults can be used to highlight the lateral growth and
linkage of the main bounding faults. Figure 4 shows
that throw increases gradually on F3 from 100 ms
TWT in the NW to its maximum of 320 ms TWT
at the linkage area with F5. This coincides with a
major increase in throw on F5 from 100 to 370 ms
TWT. The general NW decrease in throw on F3 sug-
gests that this fault initiated from the linkage area
with F5 and propagated laterally towards the NW.
The observations from throw—depth plots A and B
(Fig. 3) confirm the interpretation that F3 initiated
at Horizon D from the linkage area to F5 and

propagated through time towards the NW. From
the linkage area with F3, throw increases along the
strike of F5, reaching its maximum of about
480 ms TWT before decreasing gradually towards
the SE (Fig. 4). At the linkage area with F9, the
throw on F5 decreases by about 110 ms TWT, re-
maining constant along the fault until the common
linkage area with faults F7, F8 and F10. Fault 9
links orthogonally to F5 in the SW and to F10 at
its NE tip, creating a triangular area in the footwall
of F5 (Figs 2 & 3). The maximum throw of about
320 ms TWT occurs in the central part of the fault
(Fig. 4). Throw on F10 increases towards the SE
into the common intersection area. At the linkage
area with F9, the throw on F10 increases from
150 ms TWT to about 450 ms TWT. This occurs
over a short distance (a few hundreds of metres), and
throw—depth plots E and F (Fig. 3) suggest that
the SE segments of F10 and F9 initiated at Hori-
zon E and accommodated significant strain, while
the NW segment of F10 initiated later at Horizon D.

The cumulative throw of F5, F9 and F10 (see
the aggregate curve in Fig. 4) shows a gradual
increase in the SE direction towards the common
intersection area. At the intersection area, where
F5, F10, F8 and F7 link, throw on the aggregate
curve increases to 800 ms TWT. Eastwards along
F8, throw increases from 320 ms TWT at the inter-
section area to about 400 ms TWT at the limit of the
study area. We have no seismic data beyond this
point, but the continuation of F8 with depth
(Fig. 2, sections C and D) suggests that it initiated
in the footwall of F7 and later propagated laterally
towards the common fault intersection. F7 finally
has about 600 ms TWT of throw close to the com-
mon intersection area, decreasing laterally towards
the SE. F7-1 links up with F7 in the very SE of the
study area. Throw increases along segment F7-1
from the linkage area in the NW towards the SE.

The throw —distance plots of Figure 4 shows an
overall convex shape with the maximum amount
of throw localized at and around the common fault
intersection, decreasing both towards the NW and
SE. This suggests that, although strain migrated
from one fault or a fault segment to neighbouring
faults or fault segments, the aggregate amount of
throw shows a throw—distance pattern similar to
that of a single isolated fault.

Footwall backstepping of faults

The throw—depth plots (Fig. 5) along F7 (plots K, L
and M), F8 (plot H) and at the common fault inter-
section (plot G) show the influence of F8 on the lat-
eral distribution of throw along F7. The throw—
depth plots along F7 all show a tripartite vertical
zonation of the fault into: (1) a lower part between
Horizon F and Horizon D with a relatively steep
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slope related to the early stages of fault activity; (2)
a transition interval (indicated in grey in Fig. 5) that
is characterized by a shallow slope; and (3) a top
interval with an almost vertical slope indicating
decreased fault activity before cessation. In the
NW (plot G), the transition interval starts at Horizon
D and ends at Horizon B; in the SE (plots L and M),
the transition interval lies between Horizon D and
Horizon C. Plots L and M further show that the
activity of F7 decreases earlier in the SE (Horizon
C) than in the NW (Horizon B). These observations
suggest that the initiation of F8 in the footwall of F7
caused a migration of strain through time towards
the east in the SE and central part of F7. Towards
the NW, the influence of fault F8 on the kinematics
of F7 decreases as it approaches and links to F7
(plots K and G: Fig. 5).

Lateral fault linkage and relay zones

An integration of throw—depth plots (Figs 3 & 5),
time-thickness maps between each pair of inter-
preted horizons (Fig. 6) (see Fazli Khani & Back
2012, 2015b for further discussion) and throw-—
distance plots (Fig. 4) highlights the temporal and
spatial evolution of the main bounding faults. The
throw—depth and throw—distance plots for F5 and
F7 suggest that the triangular area between F5, FO
and F10 (Fig. 2) most probably originated as a
relay zone between F5 and F7, and that, during prop-
agation of these faults towards each other, F5
rotated eastwards approaching F7 (Fig. 6, Unit EF)
and finally linking to F7 at the common fault inter-
section (Fig. 6), while F7 continued to propagate
towards the NW. Fault F5 and F7 seem to act differ-
ently in the relay zone, where F5 turns into its foot-
wall area and links onto the laterally growing F7,
again, in the footwall area, and F7 continues its
lateral propagation towards the NW. Following
further fault activity and increase in displacement,
F9 probably initiated as a connecting fault branch
line (Peacock & Sanderson 1994; Long & Imber
2012) between F5 and F7 after deposition of Hori-
zon E (Fig. 6, Unit ED), which can explain the
unusual NE—-SW strike of F9. Fault F10, which is
most likely to be a NW continuation of F7, contin-
ued its lateral propagation after the initiation of
F9, and probably terminated immediately outside
the study area. Fault 5, in turn, linked to F7 and
stopped its lateral propagation in the fault intersec-
tion area.

The throw—depth plot D (Fig. 3) at the location
of the relay zone shows the relative activity and ini-
tiation time of F5 and F9. Fault F5 shows a general
decrease in throw from Horizon F upwards. At Hori-
zon E, where F9 initiates, the throw on F5 decreases
rapidly from 410 ms TWT (Horizon F) to about
210 ms TWT (Horizon E), followed by an increase

to 290 ms TWT at Horizon D. In the same interval,
F9 records about 500 ms TWT of throw at the
nucleation point (Horizon E), which decreases to
approximately 320 ms TWT at Horizon D. This
observation suggests that, in the location of the
relay zone, the total amount of strain prior to the ini-
tiation of F9 was accommodated by F5; after the
initiation of F9, the strain was partitioned between
the two neighbouring faults. The dotted curve on
the throw—depth plot D in Figure 3 shows the aggre-
gate throw on F5 and F9 in the location of the relay
zone. A comparison of the aggregate curve with
plot C shows a similar throw distribution along the
strike of F5. Figure 7 summarizes the lateral growth
pattern of F5 and F7, and the evolution of the relay
zone in their linkage area.

Rollover anticlines

A major, kilometre-scale rollover complex with
associated crestal-collapse faults is located in the
hanging wall of bounding faults F4, F5, F6 and F7
in the central part of the study area (Fig. 8). In
total, more than 100 minor crestal-collapse faults
were mapped in the rollover structure, of which
most strike NW—-SE, with some minor east—west
strike directions. The maximum length of these syn-
thetic and antithetic collapse faults ranges between a
few hundreds of metres up to 6 km. Table 2 summa-
rizes the main characteristics of the studied rollover
complex, which exhibits, upon close inspection, five
individual collapse zones (RO1- ROS5 on Fig. 8).
The vertical seismic reflection sections of Figure
2 show the spatial relationship between synthetic
and antithetic collapse faults and the major listric
bounding faults. Based on the dip direction, the
crestal-collapse faults can be subdivided into two
groups: SW-dipping faults (green in Fig. 8) and
NE-dipping faults (violet in Fig. 8). Local graben
areas are observed where a synthetic and an anti-
thetic fault face one another (blue polygons in
Fig. 8). In contrast, where two adjacent faults dip
away from one another, a horst initiates in the foot-
wall (orange polygons in Fig. 8). Based on the ver-
tical geometry of synthetic and antithetic faults, and
their map view organization of Figure 8, five distinct
rollover collapses can be identified in the central
study area (Figs 8 & 9). Each collapse system is
characterized by a series of oppositely dipping nor-
mal faults defining a central (crestal) graben, with
horst structures separating neighbouring rollover
anticlines.

Rollover 1 is the most basinwards located in the
hanging wall of the deep-seated FX, and dies out
between Horizon E and Horizon F (Fig. 2). The col-
lapse faults of Rollover 1 strike NW-SE (Fig. 8).
Rollover 2 is located in the hanging wall of F5
close to the SE tip of F4. The SW-dipping internal
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Fig. 5. Comparison of fault activity periods along the strike of F7 and the influence of F8 in the footwall of this
fault. Arrows on graphs H and K show two throw maxima on F8 at Horizon E and Horizon C that correspond with a
decrease in throw on F7. The grey box shows the transition between higher fault activity during the early stages and
lesser fault activity in the later stages of fault growth. Towards the NW in profiles G and H + K, the transition is
gradual and lasts longer compared to the SE, as profiles L and M show. A rapid decrease in fault throw in profiles L
and M is due to the activity and throw maxima of F8. The influence of F8 on F7 decreases towards the NW where
they link. The vertical scale in brackets is the mid-point between the hanging-wall and footwall cut-offs.

collapse faults of Rollover 2 generally strike NW—
SE, while the NE-dipping collapse faults mainly
strike east—west (Fig. 8). The vertical seismic-
reflection section B of Figure 2 shows Rollover 3
at shallower depths, and Rollover 1 in the deeper
parts of the section. The seismic section reveals
the spatial relationship between a deep-seated FX
and the shallower F6, F5 and F9 (see Fazli Khani
& Back 20155 for more discussion on the geometry
and linkage of deep-seated faults FX and FZ). Roll-
over 3 accommodates the deformation in the hang-
ing wall of F5, F6 and F7 in the relay zone. This
structure displaces strata down to Horizon F
(Table 2); towards the SW, Rollover 3 is bound by
the NW-dipping FY (Fig. 2, section B). Fault FY
separates Rollover 3 from Rollover 1, terminating
laterally in the NW within Rollover 2.

Rollovers 4 and 5 are located on the SE edge
of the study area, in the hanging wall of F6, F7
and F8. On the time—structural map of Horizon D
(Fig. 2a), at the location of section C, F8 is beyond
the NE extent of the seismic cube. In the deeper
part of the section, F8 is in the footwall of F7.

Synkinematic horizons to Rollover 4 are sediments
developed prior to Horizon C (Table 2). For Roll-
over 5, synkinematic horizons are between Horizon
F and Horizon A. The following discussion focuses
on delineating the relationship between the deve-
lopment of the major bounding faults and rollover
tectonics.

Discussion

Previous interpretation and modelling studies on
growth faults and rollovers (Ellis & McClay 1988;
Vendeville & Cobbold 1988; McClay 1990; Maud-
uit & Brun 1998; Xiao & Suppe 1992; Withjack
et al. 1995; Hodgetts et al. 2001; Imber et al. 2003;
Back et al. 2006; Fazli Khani & Back 2015a) have
addressed factors controlling the geometry and the
development of rollovers, such as the geometry of
the bounding faults, variable sedimentation rates,
the amount of extension after synkinematic units are
deposited and compaction. Fazli Khani & Back
(2012) have shown, on the same data as used in this
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Horizon F / Horizon E Horizon D

Fig. 7. Lateral and temporal evolution of the studied fault array, showing the relative initiation time and growth of
faults at horizons F, E and D, and the development of the relay zone. This construction is based on the time—
thickness maps and fault analysis presented here. Grey shows an inactive fault segment and black shows an active
fault segment.
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Fig. 8. (a) Horizon D structural map showing the main bounding faults and hanging-wall synthetic, dipping towards
the SW (in green), and antithetic, dipping towards NE (in violet), normal faults. Graben and horsts are shown by
blue and orange polygons, respectively. Local graben are parallel the axis of associated rollovers (hinge of the
rollover anticline). Based on the orientation and location of local graben in map view, we have identified five
rollover anticlines in the study area labelled RO1-ROS. (b) Rollover activity graph showing the shallowest horizon
displaced by rollovers RO3, RO4 and RO5 along four cross—sections (CS-B, CS-C, CS-D and CS-E; see the
structural map in (a) for the location of the cross-sections) along the strike of rollovers from NW to SE. Rollover 4
displaces younger intervals (between horizons B and C) in the NW, while in the SE only intervals below Horizon D
have been displaced by Rollover 4 (see the text for the discussion). See the vertical cross-sections in Figure 2 for the
relative activity timing of rollovers RO3, RO4 and ROS.

Table 2. Identified rollovers and their characteristics

Rollover Strike Total number  Fault Displaced Location
name of mapped length horizons
faults (km)

Rollover 1  NW-SE in the north 20 1-3 HG to HA Hanging wall of F5 at the

(RO1) and east—west in eastern tip of F4
the south

Rollover 2 NW-SE 32 1-5 HF to HA Hanging wall of F5, F6 and

(RO2) F7, at the junction and in
the relay zone area

Rollover 3 NW-SE 10 1-3 HG and deeper At the southern edge of the
(RO3) to HF study area

Rollover 4 NW-SE with minor 31 1-5 HF to HA and Hanging wall of faults F6,
(RO4) WNW-ESE younger F7 and F7-1

Rollover 5 NW-SE 28 1-6 HG and deeper  SE of Rollover 4

(ROS) to HD
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Fig. 9. Simplified schematic diagram showing the influence of normal fault growth and linkage on the evolution of
hanging-wall rollover anticlines. (a) Map view of bounding faults and associated rollovers, showing the rotation of
crestal-collapse faults in the hanging wall of fault F5 described as a fault—rollover interaction Type 1. (b) Three
different responses of rollover anticline to their bounding-fault evolution. Type 2: the initiation of a new listric fault
in the footwall of an older fault creates a new rollover anticline, while the older rollover becomes ‘abandoned’ with
no or a little overlap in the crestal-collapse fault’s activity. In this case, there is a stepwise rollover migration. Type
3: landwards migration of the bounding fault following by significant contemporaneous crestal-collapse fault
activity and a more gradual migration of rollovers. Type 4: landwards migration of crestal-collapse faults within the
rollover anticline due to the upwards growth and listric geometry of the bounding fault.

study in the central part of the study area, a general geometry on rollover development, including
landwards migration of rollovers; yet, the affects those of multiple laterally linking bounding faults
of lateral (plan-view) changes in bounding-fault that are associated with individual rollovers, have
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not previously been documented. The studied part of
the Niger Delta that is characterized by five individ-
ual rollover—crestal-collapse systems controlled by
dynamically evolving bounding faults is an ideal
example to demonstrate such effects.

The consequences of the lateral growth of a
bounding fault that changes strike during its devel-
opment can be best documented along F5. F5 prop-
agated laterally to the NW and west (Figs 6 & 7)
before terminating at F4 (Fig. 6). The crestal-col-
lapse faults in the associated Rollover 2 trend
NW -SE in the north, but seem to rotate with time to
an east—west orientation in the south (Figs 2 & 8).
The rotation of extensional collapse faults (‘oblique
faults’ in fig. 8 of Fazli Khani & Back 2012) is
most likely to be due to the change in the strike
direction of F5 towards the west at its NW tip. This
change probably modified the local stress field,
reflected by the eas—west strike of the crestal-col-
lapse faults in Rollover 2 (Fig. 9a, Type 1). With F5
joining F4 during the deposition of Unit DC (Fig. 6),
several younger NW—SE-orientated faults in the
hanging wall of F4 intersected the east—west-orien-
tated collapse faults, creating a complex mosaic of
rhomb-shaped fault-bound microblocks (Fig. 8).

An example of the along-strike influence of link-
ing bounding faults on rollover development can be
seen between the landwards faults F7 and F8 in
the east of the study area. The activity of F§ in the
footwall of F7 decreased the slip on F7 (Figs 3 &
4) from the NW, where the two faults link, towards
the SE. The variation in lateral throw along F7 and
F8 controlled the hanging-wall deformation in dif-
ferent ways: in the location of the relay zone and
the linkage point of F7 and F8, a single rollover
(RO3) accommodated the hanging-wall deforma-
tion (Fig. 2, section B; Fig. 8). Towards the SE,
however, the further landwards migration of F8
(assuming that F8 continues upwards with the
same dip as F7) broadened the associated hanging-
wall bending, resulting in a gradual shift in crestal
deformation from Rollover 4 to Rollover 5 (Fig. 2,
sections C, D & E). The lateral differences in the
interaction between F7 and F8 can also be seen on
the throw—distance plot of Figure 4, which shows
a decreasing throw for F7 towards the SE, whilst
the throw of F8 increases. Although the SE portion
of F8 is out of the study area, continuous faulting
activity along F8 can be interpreted from the devel-
opment of Rollover 5, which displaces Horizon A
and even shallower and younger units irrespective
of the decreasing slip along F7 (Fig. 2 sections C,
D & E; Figs 3 & 95).

It should be noted that faulting in the relay zone
involving faults F5, F7, F8, F9 and F10 (Figs 2, 3
& 7) resulted in the development of a single rollover
(RO3), as opposed to the two rollover systems (Roll-
over 4 and Rollover 5) in the hanging wall of faults

F6, F7 and F8. This documents that hanging-wall
deformation related to several nearby faults can be
accommodated by a single rollover—crestal-collapse
fault system that seems somewhat unaffected by
the presence of multiple interacting bounding faults
and fault segments of partly different orientation.
In turn, the dynamic development of several large,
more-or-less sub-parallel faults at distances of
>3 km (F6, F7 and F8) seems to support rollover
migration following the stepwise activation of the
respective main fault.

Imber et al. (2003) demonstrated two different
responses of hanging-wall deformation to the devel-
opment of a bounding fault: (1) a prolonged and pro-
gressive landwards migration of the active rollover
in the hanging wall of a stationary main fault; and
(2) a punctuated migration of the rollover directly
related to the landwards backstepping of the main
bounding fault. This study shows that deep-seated
Rollover 1 (e.g. Fig. 2, section B) was most probably
initiated and controlled by FX in the deeper parts of
the study area, displacing Horizon G and Horizon
F. This rollover became inactive prior to the deposi-
tion of Horizon E, and it is bounded by FY in the
north and NW (see Fazli Khani & Back 20155 for
detail on the evolution of FX). The subsequent
development of F6, F7 and F8 in the footwall of
FX seems to have initiated a new set of crestal-
collapse faults (Rollover 3) on the landwards side
of Rollover 1 (Fig. 2), abandoning Rollover 1
(Fig. 9b, Type 2). This contrasts with the rollover
development in the SE of the study area, where Roll-
over 4 formed in response to the deep-seated FZ in
its early stages. However, Rollover 4 continued to
displace shallower horizons even after the decay
of FZ (up to Horizon C: Fig. 2, section C), a time
when younger F6, F7 and F8 and Rollover 5 were
already active. The study area thus shows two fun-
damentally different responses of rollover—crestal
collapse systems to the initiation of younger faults
in the footwall of their original bounding faults:
(1) a stepwise shift of deformation, where Rollover
1 was abandoned and Rollover 3 was initiated as
new younger faults initiated in the former footwall
terrain (Fig. 9b, Type 2); and (2) a more gradual
shift of deformation from Rollover 4 to Rollover 5
in response to footwall collapse (Fig. 9b, Type 3).
The gradual shift of rollovers with a period of con-
temporaneous growth of Rollover 4 and Rollover
5 is similar to the 2D sandbox experiment E44
by McClay (1990) and the systems described by
Imber et al. (2003), and probably related to the
branching of F7 and 8. In turn, the most likely reason
for the complete abandonment of Rollover 1 is the
limited NW extent and stratal offset of F6 (Figs 2
& 6), shifting younger rollover activity not only
landwards but also laterally over a considerable dis-
tance to the SE.
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A final interaction between growth faulting
and rollover development documented in the study
area is that synthetic and antithetic faults within
a rollover structure can progressively migrate
upwards and landwards without initiating a new
rollover structure (see the fault pattern within RO3
in Fig. 2, section B; Fig. 9b, Type 4). A comparison
with the analogue models of McClay (1990) and the
northern Brunei example described by Imber et al.
(2003) suggests that a general landwards and
upwards migration of crestal-collapse faults within
rollovers could be due to the upwards growth and
the listric shape of a single bounding fault. How-
ever, if a secondary fault initiates in the footwall,
a new rollover structure can initiate landwards, pos-
sibly laterally offset from the pre-existing rollover.
This mechanism seems to require a certain distance
between the original and the new bounding fault,
which can be estimated for the study area to be
>3 km, as well as a stratal offset at the new fault
exceeding 100 ms TWT (c. 100 m).

Conclusions

This study shows how growth-fault characteristics
can change along strike as they become influenced
by the initiation and growth of neighbouring
faults. The stepping of a main fault system can mod-
ify the throw distribution along its individual fault
branches in the early stages of growth, reaching
equilibrium in the later stages of fault growth.

The initiation and growth of rollovers is directly
controlled by the kinematics of their bounding
normal faults. It is shown that the lateral linkage
and backstepping of bounding-fault systems can
be mirrored in their associated rollover hanging
walls. Based on the data presented in this study,
we have identified four genetic types of fault—roll-
over interaction, including: (1) the rotation of a
rollover—crestal-collapse system, which is con-
trolled by changing lateral bounding-fault orien-
tation during fault growth; (2) a stepwise shift of
rollover—crestal-collapse systems associated with
rollover abandonment, controlled by the initiation
of a new fault in the footwall of an older structure;
(3) a gradual migration of successive rollovers con-
trolled by branching, connected fault systems; and
(4) a general landwards and upwards migration of
crestal-collapse faults within individual rollovers
above listric, upwards-growing, stationary main
faults.

This study finally shows that bounding faults and
their associated rollovers can dynamically interact,
and that an overlap in the timing of rollover activity
is likely to depend on the distance, connectivity and
lateral (plan-view) arrangement and geometry of the
bounding faults.
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