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Abstract

Syn-tectonic sediments (growth strata) in compressional structures are three-dimensional (3D) features whose geometry reflects both the
style of deformation and the distribution of accommodation space in the system. Previously, numerical modelling of growth strata in
compressional settings has generally been done in two-dimensions in the plane of the transport direction. In contrast, in this paper we
examine growth strata associated with a 3D fault-bend fold that exhibits variations in slip along-strike. A forward numerical modelling
approach is used to investigate the 3D geometry of syn-tectonic sediments under a variety of conditions.

We consider a fault-bend fold in which slip decreases linearly from the centre of the structure to zero displacement at the edges in a
direction perpendicular to transport. We make use of kink-band kinematics to describe the growth of the structure. Two specific models are
presented, which consider both (1) background (regional) sedimentation and (2) local erosion, transport and sedimentation. The first model
approximates structures developed in submarine environments where structural growth may lead to the development of a bathymetric high.
The model shows considerable lateral changes in the geometries of growth strata along the structure, with unconformities being limited to
regions of high displacement, and with growth triangles being variably developed, but in some circumstances difficult to recognise. The
subaerial model approximates structures developed in settings where sediments simply aggrade to the local base level. In this model,
unconformities are much more prominent as growth sedimentation is often limited to regions of lower displacement.

The results presented here emphasise the utility of using 3D information on stratigraphic architectures to decipher the growth style and
deformational history of natural structures. In particular, we show that cross-sections oblique to the transport direction may contain complex
and highly variable pre- and syn-tectonic geometries that reflect both kink-band migration and limb rotation. The use of oblique two-
dimensional (2D) information to interpret 3D structures could produce misinterpretations if the complexities of stratigraphic configurations

in three-dimensions are not taken into account. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The analysis of syn-tectonic sediments (growth strata) has
recently developed into an important area of research in
integrated structural geology and stratigraphy (e.g. Suppe
et al., 1991; Poblet and Hardy, 1995). This arises because
syn-tectonic sediments have the potential to record the inter-
play between structural and stratigraphic processes in a
range of geological settings (e.g. Suppe et al., 1991;
Gawthorpe et al., 1997). Geometries of growth strata clearly
reflect the distribution of accommodation space, primarily
as a result of tectonic uplift and local/regional base level
change, the style of deformation, and various sedimento-
logical processes (e.g. erosion, transport and deposition).
This paper addresses the growth of compressional fault-
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bend folds in three dimensions and illustrates some possible
geometries of growth strata associated with such structures.

Analysis of syn-tectonic sedimentation in contractional
settings by numerical modelling, seismic and outcrop
studies has been done at both basin (e.g. Flemings and
Jordan, 1990; Chalaron et al., 1996; Garcia-Castellano et
al., 1997) and map scale (e.g. Zoetemeijer et al., 1992,
1993; Poblet and Hardy, 1995). Most of these studies have
been done in two dimensions, even though most authors
agree that a three-dimensional (3D) analysis is critical in
understanding natural structures (e.g. Wilkerson et al.,
1991). The challenge is to use stratigraphic architectures
preserved around ancient structures to better understand
their evolution through space and time. However, nature
rarely provides ideally-oriented (2D) dip and strike sections,
thus, it is crucial to understand and properly interpret the
geometric expression of growth strata in oblique sections.
Information from outcrop studies in three dimensions also is
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Fig. 1. Sedimentary and structural parameters defined in the numerical modelling approach. Three key processes are considered: (1) tectonic deformation
(fault-bend folding above a simple flat-ramp-flat fault with a ramp angle of 29°),(2) background sedimentation/aggradation (general basinwide sedimentation)
and (3) diffusive erosion, transport and deposition. The maximum long-term slip is split into horizontal and vertical components. Black = flat-ramp-flat fault;
dark gray = folded bedding layer; light gray = base level. See text for discussion.

rare (e.g. Ford et al., 1997) and for this reason, we use here a
numerical modelling approach to investigate possible
growth strata geometries associated with fault-bend folds
in three dimensions. An important issue in this kind of
combined structural—stratigraphic modelling is that all
simulated processes are manipulated simultaneously in
order to realistically approximate the growth of real struc-
tures. Here, we use the methodology originally proposed by
Waltham (1992) and applied to two-dimensional (2D)
contractional structures by Hardy and Poblet (1995), and
modify it to apply to 3D numerical modelling of fault-
bend folding using kink-band kinematics (e.g. Suppe,
1983). We use a forward numerical modelling approach to
investigate the geometry of growth strata associated with
fault-bend folds in response to variations in accommodation
space along the growing structure in both submarine and
subaerial settings.

2. Numerical modelling methodology
2.1. Tectonic and sedimentary processes considered

Fig. 1 shows the tectonic and sedimentary processes
considered in the modelling presented here: (1) tectonic
deformation, (2) background sedimentation, and (3) local
erosion, transport and deposition.

The tectonic process that we consider is the growth of a
3D fault-bend fold. The folding mechanism used is kink-
band migration and, in particular, this study considers
parallel fault-bend folding (e.g. Suppe, 1983) using a
velocity description of deformation (Hardy and Poblet,
1995). Parallel fault-bend folding has been used by other
authors in both basin-scale (Flemings and Jordan, 1990) and
map-scale (Zoetemeijer et al., 1992, 1993) modelling. The
more simple numerical implementation of similar fault-
bend folding has led some authors to use it as an alternative
(e.g. Chalaron et al., 1996; Bezemer et al., 1999). Although
the applicability of Suppe’s (1983) fault-bend fold model
has been questioned (Ramsay, 1991), many authors have
considered fault-bend folding and fault-related folding
theories as good geometrical approximations of natural
deformation in the upper crust (e.g. Jamison, 1987; Hardy
and Poblet, 1995). In this study, the 3D structural geometry
considered is a symmetric, doubly-plunging anticline;
maximum long-term slip is in the central portion of the
structure with a linear decrease to zero towards the lateral
boundaries. Maximum long-term slip rates reported in the
literature vary from 0.0 to 3.0 m/ka — these values
encompassing both fault-bend folds (Hardy, 1994) and
thrust faults in general (e.g. Flemings and Jordan, 1990;
Leeder, 1999).

Background sedimentation represents general, basin-
wide sedimentation and here it is defined as constant
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throughout space and time during the modelling. This para-
meter does not represent any particular sedimentary process,
but is used to model sedimentation in general (Hardy and
Waltham, 1992; Waltham, 1992). Background sedimenta-
tion rates used in this study vary from 0.0 to 3.0 m/ka. Even
though background sedimentation rates can be one or two
orders of magnitude lower than tectonic rates (e.g. Suppe et
al., 1991; Hardy, 1994; Leeder, 1999), the same range of
rates is used here for both processes in order to study a range
of conditions and resultant geometries.

Any structural high (submarine high or subaerial ridge)
may lead to local erosion, transport and sedimentation. To
account for this process, we implement the diffusion
equation in three dimensions in which the sediment flux is
assumed to be proportional to local slope and directed down
the slope (e.g. Kenyon and Turcotte, 1985). This approach
has previously been used when modelling local erosion,
transport and deposition in two dimensions (e.g. Hardy
and Poblet, 1995). The diffusion coefficient and its value
and characteristics (linear or non-linear) are difficult to
assess. Published estimates of the diffusion coefficient
vary from 9 X 10™* m%a for arid fault scarps (Colman and
Watson, 1983) to 5.6x 10°m*a for a prograding delta
(Kenyon and Turcotte, 1985). Assuming erosion, transport
and sedimentation associated with fault-related folding has
a value somewhere in between these extremes, we use a
value of 3 m*a, which has proven to be successful in
illustrating the distinctive features caused by the interaction
of tectonic and sedimentation in this setting (e.g. Hardy and
Poblet, 1995).

Base level in the modelling approach represents a
reference level above which there is no sedimentation. In
marine environments, base level could represent, for
example, the sea or wavebase level. In subaerial environ-
ments, base level may be controlled by a number of factors,
but here we consider it to be the level to which sediments
can aggrade. This parameter controls, together with tectonic
uplift, the accommodation space in the system.

2.2. Numerical modelling approach

This study considers regional-scale structures: tectonic
activity is confined to an area of 100 km?” and the strati-
graphic geometry of syn-tectonic sediments is studied
within an area of 400 km” (Fig. 1). The modelling of sedi-
mentary and tectonic processes is done using the general
tectono—stratigraphic forward modelling equation proposed
by Waltham (1992). This is a partial differential equation
describing processes in terms of Eulerian variables, allow-
ing structure and stratigraphy to be simulated as simul-
taneous rather than sequential processes.

The modelling approach used is based upon the concept
that the height of a geological surface can be modified in
four ways: (1) material can be added to, or removed from,
the surface; (2) material can be moved from one part of the
surface to another; (3) the surface can be moved; and (4) the

surface can be deformed. The first two of these mechanisms
are sedimentary, whereas the second two are tectonic
(Waltham, 1992). The tectono—stratigraphic forward
modelling equation used in this study is:

oh

e (p + VoF) + (Vz = Ve[V(x,y) X h]), ey
where d = symbol indicating partial derivation, i = height
of the geological surface at a fixed horizontal position (m),
t =time (years), p = background sedimentation (m/year),
F = sedimentary flux (m?year), V = velocity of tectonic
deformation (m/year), x,y = horizontal coordinates (m), z =
vertical coordinate (m), and Ve = Laplacian operator in
Cartesian coordinates.

The first two terms of Eq. (1) represent sedimentary
processes, whereas the second two terms represent tectonic
processes. The maximum long-term slip is split into
horizontal (V(x,y)) and vertical components (Vz) in order
to achieve the velocity description of deformation for
fault-bend folding (Hardy and Poblet, 1995; Waltham and
Hardy, 1995), which is necessary to solve the tectono—
stratigraphic forward modelling equation. The sedimentary
flux (m?/year) is assumed to be proportional to local slope,
which gives the following expression for the diffusion
equation:

VeF = —aVzh(x,y), (2)

where « represents the diffusion coefficient.

The partial differential equation is discretized using a
finite-difference approximation and the algebraic equations
are solved using the hopscotch method, an explicit finite-
difference scheme proposed by Gourlay (1970). The mesh
dimension used in this study is 50 X 50 m”. Modelling of
tectonic and sedimentary processes using the tectono—
stratigraphic forward modelling equation has previously
proven to be successful when applied to regional-scale
structures in two dimensions (e.g. Hardy, 1994; Hardy and
Poblet, 1995; Ford et al., 1997). Here we show its
application to 3D fault-bend folds.

3. Modelling a doubly-plunging fault-bend fold

We firstly model a simple doubly-plunging fault-bend
fold without growth strata. The ramp dips at 29° and steps
up from a flat décollement to an upper flat. The ramp height
is 2250 m. The total model run time used is 1050 ka, with
displacement varying between 0 and 3 m/ka from the edges
to the centre of the structure, respectively, displacement
being perpendicular to the strike of the fault. Thus, the
tectonic component of this model is pseudo-3D (cf.
Wilkerson et al., 1991). Two pre-tectonic horizons are
included in the models to be used as geometric references.

A plan view of the upper pre-tectonic horizon, after defor-
mation using the above parameters, is presented in Fig. 2.
The transport direction is from left to right. In this figure,
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3.0 km

Fig. 2. Plan view of the upper pre-tectonic horizon after deformation. The
transport direction is from left to right. The (a) structure contours and (b)
3D geometry of axial surfaces are in agreement with those proposed by
Wilkerson et al. (1991) and Shaw et al. (1994) for a symmetric doubly-
plunging parallel fault-bend fold. Illustrated slip gradient is symmetrically
distributed about the centre of the structure. Angle notations taken from
Wilkerson et al. (1991). See text for discussion.

structure contours of the horizon and the location of active
(solid dots) and inactive (white dots) axial surfaces are
shown. It can be observed that the geometry of the pre-
tectonic horizon reflects the doubly-plunging geometry
originally defined. The structure contours and the 3D
geometry of axial surfaces observed in the anticline (Fig.
2a and b) are in exact agreement with those proposed by
Wilkerson et al. (1991) and Shaw et al. (1994) for a
symmetric, doubly-plunging fault-bend fold. The angle
between the map traces of backlimb active and inactive
axial surfaces (u) is equal to 29° (Fig. 2b). The angles
between a line parallel to the strike direction and the fore-
limb active (w) and inactive axial surfaces (€) are 7 and 22°,
respectively. Considering the pseudo-3D  approach
proposed by Wilkerson et al. (1991), these values of u
and e define a ramp of approximately 29°, which is in agree-
ment with the value used in our modelling.

The along-strike displacement gradient, given as an angle
0 (see Fig. 2a and b), for the values used in our modelling
ranges from 0 to 30°. Empirical measurements of differen-
tial transport angles (6) for continuous thrust sheets from
different North American fold-thrust belts yield angles that
do not exceed 35-40° without formation of tear faults
(Wilkerson, 1992). The limit for transport angles observed
in nature indicates that the range of differential transport
angles used in our modelling represents natural structures
properly.

For a doubly-plunging fault-bend fold, three-dimensional
modelling using the velocity description of deformation
presented here is clearly equivalent to structural-trend
analysis by axial-surface mapping (Vertical Projection
Method, Shaw et al., 1994), and the pseudo-3D approach
proposed by Wilkerson et al. (1991). Although it is not
shown here, we believe that this equivalence will be
maintained if other changes along-strike are defined (e.g.
changes in ramp dip or position of upper décollement). In
this contribution, however, we additionally investigate the
3D geometry of syn-tectonic sediments associated with a
doubly-plunging fault-bend fold.

4. Geometries of growth strata associated with a doubly-
plunging fault-bend fold

We now consider the possible geometries of growth strata
associated with the doubly-plunging fault-bend fold. In
order to simulate natural growth structures, two strati-
graphic models are considered. In both cases, the geometry
of the fault and distribution of velocities are the same as
those described in Section 3. The first model has been
named the submarine model and represents a first approxi-
mation to structures developing in submarine environments.
In this model, base level rise is equal to the maximum long-
term slip rate, which allows the possibility of bathymetry to
develop over the fault-bend fold. Bathymetry can arise in
this situation because the vertical uplift rate, in the region of
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Fig. 3. Vertical sections used in this study. (a) Vertical sections in the plane of the transport direction (dip sections). (b) Vertical sections in the plane
perpendicular to the transport direction (strike sections). (c) Vertical sections at a 45° angle to the transport direction (oblique sections). (d) The set of all

vertical sections.

tectonic deformation, is lower than the maximum slip rate
applied at the trailing edge (Hardy, 1995). The second
model has been named the subaerial model and represents
a first approximation to structures developing in, for
example, intermountain basins. In this model, the base
level rise is equal to the background sedimentation rate,
which guarantees that all the accommodation is filled and

simple aggradation to this base level occurs. This situation
might approximately simulate alluvial sedimentation in
intermountain basins. We study the 3D geometry of the
syn-tectonic strata associated with these models using a
series of 2D vertical cross-sections (Fig. 3) that possess a
variety of orientations with respect to the orientation of the
structure.
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Fig. 4. (continued)
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Fig. 4. Submarine model with background sedimentation of 3.0 m/ka, maximum slip rate of 3.0 m/ka, and diffusion coefficient of 0.0 m?*ka. Growth strata are
recorded at 150 ka intervals. (a) Vertical sections in the plane of the transport direction (dip sections). (b) Vertical sections in the plane perpendicular to the
transport direction (strike sections). (c) Vertical sections at 45° to the transport direction (oblique sections).
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4.1. Submarine model

In the submarine model, the geometry of syn-tectonic
sediments will be studied under a variety of conditions.
We will first consider the situation where no bathymetry
develops above the developing structure and then consider
the effects of (1) bathymetry and (2) local erosion, transport
and deposition in the region of submarine highs.

Fig. 4a displays a series of vertical sections in the plane of
the transport direction (dip sections) for a model where the
base level was defined to start at the level of the top pre-
tectonic horizon and to rise at a constant rate equivalent to
the maximum slip rate. Rates of background sedimentation
and maximum slip used in this model are 3.0 and 3.0 m/ka,
respectively, producing a ‘fill-to-the-top’ geometry. The
first two (lower) horizons represent pre-tectonic sedimenta-
tion and these are overlain by seven horizons representing
syn-tectonic sedimentation recorded every 150 ka. Fig. 4b
and c displays vertical sections in planes perpendicular
(strike sections) and oblique to the transport direction,
respectively, for the same model.

Pre-tectonic sediments in sections A, B and C (Fig. 4a)
show growth by kink-band migration with differences in
kink-band width between dip sections reflecting differences
in total slip. Syn-tectonic sediments show thickness changes
across the anticline and upward-narrowing growth triangles
in both limbs. An active axial surface to the left and a
growth axial surface to the right limit each growth triangle
in all sections (Fig. 4a). The active axial surfaces represent
the zone where sediments are folded and fractured, and they
bisect the angle between dip panels in a parallel fault-bend
fold (Suppe, 1983). In contrast, the growth axial surfaces
represent the place where the rate of syn-tectonic sedimen-
tation changes, and their geometry depends on all the para-
meters controlling accommodation space over the growing
fault-bend fold. Sediment thicknesses to the left and right of
growth axial surfaces are constant; therefore, the change in
sedimentation rate observed in along-dip sections is abrupt.
All the features presented above already have been
described in previous modelling studies (Hardy, 1994;
Hardy and Poblet, 1995) and compare very well with the
models proposed by Suppe et al. (1991) and Shaw et al.
(1994).

The width of the growth triangle and the orientation of the
growth axial surfaces are different between the various dip
sections. In section A (Fig. 4a), the widths of both backlimb
and forelimb growth triangles are greater than the widths of
those in section B, reflecting the greater total slip in this
section. The same characteristic is observed between
sections B and C. In section A, the change in sedimentation
rate is also more evident than in sections B and C (Fig. 4a).
In addition, both the backlimb and forelimb growth axial
surfaces in section A rotate more toward the hinterland than
those in section B. The same feature is observed between
sections B and C.

Fig. 4b shows a series of vertical sections in the plane

perpendicular to the transport direction (strike sections), an
orientation not normally considered when examining
growth strata. The transport direction is from bottom
(section H) to top (section G) and the distribution of
horizons representing pre- and syn-tectonic sedimentation
is the same as that presented for the dip sections (see also
Fig. 3). Pre-tectonic sediments in sections D (through the
crest of the fault-bend fold) and E (through the forelimb)
show a symmetric linear decrease (constant dip) of struc-
tural height from a maximum in the centre to zero at the
boundaries. It is interesting to note that the geometry of pre-
tectonic sediments in these sections resembles the geometry
of pre-tectonic sediments associated with a symmetric
detachment fold. Pre-tectonic sediments in section F
(through the backlimb) also show a symmetric decrease
(constant dip) of structural height from an upper plateau
to zero at the boundaries. Pre-tectonic sediments in sections
H and G show no deformation, as these sections are outside
the zone of structural deformation (see Fig. 3). Sections D
and E show noticeable thinning of syn-tectonic sediments
along the structure towards the crest. Syn-tectonic sedi-
ments in these sections also decrease their dip from bottom
(older) to top (younger) producing a fanning. Due to the
location of section E with respect to the structure, growth
strata do not display constant dip. In section F, the lower
growth strata show a nonlinear decrease in height from a
central planar region. In this planar region, the apparent
thickness of syn-tectonic sediments is greater than that in
any other zone over the structure, including the region of no
tectonic activity, due to the obliquity of the section relative
to the bedding dips. The upper growth strata show thinning
along the structure towards the crest and a dip decrease from
bottom to top (compare with section D). The change in
structural position of the fault can be followed from the
lower décollement (sections H and F) through the ramp
(section D) to the upper décollement (sections E and G;
Fig. 4b).

A series of oblique sections through the structure are
shown in Fig. 4c. These sections are useful because they
allow us to study structural and stratigraphic geometry
considering dip and strike components simultaneously.
Sections I-M represent sections at a 45° angle to the trans-
port direction (see Fig. 3) from the centre (section I) to the
edge (section M) of the structure. In these sections, pre-
tectonic sediments exhibit a varying number of dip panels
(Fig. 4c). The number of dip panels depends on the position
of the oblique section with respect to the fault-bend fold.
Oblique section I cuts through the backlimb, the upper
plunging panel, and the forelimb producing three dip panels
(see Fig. 3). In the same way, oblique section J cuts through
the backlimb, upper and lower plunging panels, and the
forelimb producing four dip panels. Oblique section M
cuts through the lower plunging panel and the forelimb,
and thus, shows only two dip panels. The geometry of the
syn-tectonic sediments also depends on the position of the
oblique section and varies markedly along strike. Growth
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Fig. 5. Submarine model with background sedimentation of 1.8 m/ka, maximum slip rate of 3.0 m/ka, and diffusion coefficient of 3000.0 m?ka. Growth strata
are recorded at 150 ka intervals. (a) Vertical sections in the plane of the transport direction (dip sections). (b) Vertical sections in the plane perpendicular to the
transport direction (strike sections). (c) Vertical sections at 45° to the transport direction (oblique sections).
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Fig. 5. (continued)
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Fig. 5. (continued)

strata in sections I and J show backlimb and forelimb growth both dip and strike sections are displayed in the oblique
triangles, thinning across the crest of the structure and a dip section. Oblique sections K, L., and M show forelimb growth
decrease from bottom to top (fanning; Fig. 4c). Here we can triangles, thinning over the crest of the structure and

see the manner in which the growth-strata geometries of fanning, but lack backlimb growth triangles. The geometries
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present in the growth strata thus clearly depend not only on
the amount of slip but also on the position of the oblique
section (compare sections K and M).

There is no bathymetry in any of the sections described
above (dip, oblique or strike) because the background sedi-
mentation rate is high enough to fill all the accommodation
space available, producing a ‘fill-to-the-top’ geometry. We
now study the geometry of growth strata when bathymetry is
allowed to develop across the structure. This is done by
reducing the background sedimentation rate to 1.8 m/ka
and including a diffusion coefficient of 3000 m*/ka to
simulate local erosion, transport and sedimentation (e.g.
slumping). All other model parameters are the same as in
Fig. 4.

A series of dip sections through this model are shown in
Fig. 5a. In this set of dip sections, the attitude of backlimb
and forelimb growth axial surfaces records differences in
accommodation space in the same way as was explained
for Fig. 4a. However, note the curved (smooth) morphology
of syn-tectonic sediments over and outside the zone of
structural deformation. This morphology is associated
with the redistribution of material (diffusion) over the
growing fault-bend fold. Compare the curved morphology
of syn-tectonic sediments shown in Fig. 5a with the linear
morphology displayed in Fig. 4a. Other features such as the
width of growth triangles between sections are similar to
those discussed for the ‘fill-to-the-top’ model.

Fig. 5b displays a series of strike sections for this model.
All the sections show the smooth morphology already
discussed for the dip sections. Sections D and E show thin-
ning of syn-tectonic sediments towards the crest of the
structure and fanning. These geometries are not as clear as
those shown in Fig. 4b, but they can still be observed in Fig.
5b. Section F displays lower growth strata with three
smoothly curving dip panels, whereas upper growth strata
only show thinning over the crest and fanning.

A series of vertical sections in the plane oblique to the
transport direction is shown in Fig. 5c. The curved morph-
ology of syn-tectonic strata over and outside the region of
structural deformation is a characteristic feature in all
sections. Backlimb and forelimb growth triangles, thinning
of syn-tectonic sediments over the crest and fanning are
variably shown in these sections. These geometries are not
as clear as those shown in Fig. 4c, but they are still discern-
ible. Note once more the manner in which growth strata
geometries change rapidly along-strike.

In order to emphasise the effect of local erosion, transport
and deposition on growth strata geometries, the background
sedimentation rate is reduced further to 0.55 m/ka. All other
parameters are kept as in Fig. 5. Fig. 6a shows a series of dip
sections for the set of parameters described above. The
bathymetry developed over the anticline is clearly greater
than that observed in Fig. 5a. Note how the backlimb and
forelimb growth axial surfaces rotate toward the hinterland
from section C to section A. Furthermore, in section A,
these growth axial surfaces ‘disappear’ and they are

replaced by a time-transgressive unconformity, such that
syn-tectonic sediments lie below the unconformity in one
region of the structure (offlap geometry in the backlimb) and
above it in other regions of the structure (e.g. onlap
geometry in the forelimb). The curved morphology of
syn-tectonic sediments discussed in Fig. 5a is also observed
in these sections.

A series of vertical sections in the plane perpendicular to
the transport direction (strike sections) are displayed in Fig.
6b. Growth strata in section D display thinning over pre-
tectonic sediments and fanning. These growth strata dis-
appear over the crest of the fault-bend fold, showing an
offlap configuration in this area. In contrast, in section E
the lower syn-tectonic sediments onlap pre-tectonic sedi-
ments with later growth strata overlapping the structure.
In section F, syn-tectonic sediments show fanning and
then thinning over syn-tectonic sediments (Fig. 6b) until
they disappear in the upper region of the backlimb.

Fig. 6¢ shows a series of oblique sections for the model
described above. The configuration of the growth strata is
now quite complex. Section I shows backlimb and forelimb
growth triangles and syn-tectonic sediments thinning over
pre-tectonic sediments until they disappear over the crest of
the fault-bend fold. Growth strata in section J exhibit a back-
limb growth triangle and thinning over the crest of the
anticline, where they display an offlap configuration. Syn-
tectonic sediments onlapping pre-tectonic sediments in the
forelimb of the fault-bend fold are observed in sections K, L,
and M (compare with Fig. 5¢). Sections K and L show
growth strata thinning over the backlimb until reaching an
offlap configuration over the crest of the anticline (compare
with sections K and L in Fig. 5¢). Syn-tectonic sediments in
section M exhibit a geometry similar to that presented in
Fig. 5c.

4.2. Subaerial model

In the subaerial model, the geometry of syn-tectonic sedi-
ments is studied under a set of conditions similar to that of
the submarine model. In order to simulate simple aggrada-
tion, sedimentation rate and base level rise are considered
equal in the subaerial model. The model-run time, transport
direction, distribution of pre- and syn-tectonic sediments
and positions of vertical sections are the same as those
presented for the submarine model. However, the values
of aggradation used are different in order not to simply
reproduce the stratal patterns of the submarine model.
Rather than describe all the features of the subaerial
model results, we will focus on the key differences between
them and those of the submarine model.

We initially use rates of aggradation and maximum slip of
2.0 and 3.0 m/ka, respectively, to produce a ‘fill-to-the-top’
geometry. Fig. 7a shows vertical sections in the plane of the
transport direction, whereas Fig. 7b and c¢ shows strike and
oblique sections, respectively. The geometries of syn-
tectonic sediments are similar to those presented for the
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Fig. 6. Submarine model with background sedimentation of 0.55 m/ka, maximum slip rate of 3.0 m/ka, and diffusion coefficient of 3000.0 m?/ka. Growth
strata are recorded at 150 ka intervals. (a) Vertical sections in the plane of the transport direction (dip sections). (b) Vertical sections in the plane perpendicular
to the transport direction (strike sections). (c¢) Vertical sections at 45° to the transport direction (oblique sections).
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Fig. 6. (continued)
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Fig. 6. (continued)

submarine case in the situation of ‘fill-to-the-top’ (compare
Figs. 4 and 7), showing upward-narrowing growth triangles
in both limbs, clear thinning of syn-tectonic sediments along
the structure towards the crest, and fanning. As before,

strike and oblique sections display complex structural and
stratigraphic configurations reflecting the orientation of the
sections with respect to the transport direction. The main
effect of the lower aggradation rate in the subaerial model is
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Fig. 7. Subaerial model with background sedimentation of 2.0 m/ka, maximum slip rate of 3.0 m/ka, and diffusion coefficient of 0.0 m*/ka. Growth strata are
recorded at 150 ka intervals. (a) Vertical sections in the plane of the transport direction (dip sections). (b) Vertical sections in the plane perpendicular to the
transport direction (strike sections). (c) Vertical sections at 45° to the transport direction (oblique sections).

that inactive axial surfaces rotate more toward the hinter-
land than those of the equivalent submarine model (compare
Figs. 4a and 7a).

We will now examine the geometry of growth strata when
topography develops across the structure. This will be done

by reducing the aggradation rate to 1.1 m/ka and including a
diffusion coefficient of 3000 m*/ka to simulate local erosion,
transport and sedimentation. All other parameters are the
same as in Fig. 7. Fig. 8a shows a series of vertical sections
in the plane of the transport direction for the set of
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Fig. 7. (continued)

parameters considered above. The geometry of syn-tectonic
sediments observed in Fig. 8a is similar to that observed in
Fig. 7a, but now material in the region of maximum struc-
tural relief has been eroded and distributed over the growing
anticline. The effect of erosion can be clearly seen in section
A (compare Figs. 7a and 8a). Marked differences are also
seen between this model and the equivalent submarine

model where background sedimentation occurs across the
entire structure (compare Figs. 5a and 8a). In the submarine
model, growth strata thin across the crest of the structure in
the region of maximum structural relief, but blanket pre-
growth strata from erosion. In the subaerial case, the fact
that no sedimentation occurs in this region allows deep
erosion of the pre-growth strata (cf. Figs. 5a and 8a).
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Fig. 7. (continued)

A set of vertical sections in the plane perpendicular to the
transport direction is shown in Fig. 8b. Compared with the
submarine sections shown in Fig. 5b, marked thinning and
absence of growth strata in the region of maximum struc-
tural relief is once more seen. This is particularly apparent in
Sections D and E, which show syn-tectonic sediments
thinning over the limbs of the anticline and fanning and
removal of material (pre- and syn-tectonic sediments) in
the region of structural relief (compare with sections D

and E in Fig. 5b). Oblique sections for this model show
similar erosion and thinning over the region of maximum
structural relief (Fig. 8c).

There is little structural relief in any of the vertical
sections shown in Fig. 8 because of the relatively high
aggradation rate and high diffusion coefficient. In order to
simulate more realistic situations where a subaerial ridge
develops, the background sedimentation (aggradation) rate
is further reduced to 0.55 m/ka. All other parameters are
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Fig. 8. Subaerial model with background sedimentation of 1.1 m/ka, maximum slip rate of 3.0 m/ka, and diffusion coefficient of 3000.0 m?ka. Growth strata
are recorded at 150 ka intervals. (a) Vertical sections in the plane of the transport direction (dip sections). (b) Vertical sections in the plane perpendicular to the
transport direction (strike sections). (¢) Vertical sections at 45° to the transport direction (oblique sections).

kept as in Fig. 8. Fig. 9a shows a series of vertical sections in
the plane of the transport direction for the set of parameters
described above. Note how the backlimb and forelimb
growth axial surfaces rotate toward the hinterland from
section C to sections B and A. In sections A and B, these
growth axial surfaces ‘disappear’, and they are replaced by a

time-transgressive unconformity in the same way that was
described for the submarine model in Fig. 6a. With the
reduced aggradation rate, pronounced subaerial relief
develops, particularly in sections A and B. A set of vertical
sections in the plane perpendicular to the transport direction
is shown in Fig. 9b. In section D, growth strata thin over the
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Fig. 8. (continued)

limbs of the anticline and show strong fanning. In contrast,
in section E syn-tectonic sediments onlap and eventually
overlap pre-tectonic sediments. Upper syn-tectonic
sediments thin and fan over lower syn-tectonic sediments
in section F. Fig. 9c displays a series of oblique sections
through this model. In sections I and J, syn-tectonic
sediments show an offlap geometry in the backlimb and
onlap pre-tectonic sediment in the forelimb. In sections K,

L, and M, syn-tectonic sediments thin and fan over the
backlimb and onlap pre-tectonic sediments in the forelimb.
Sections I, J, K, and L display erosion of material from
the crest of the anticline. In all sections the main
difference between this model and the equivalent submarine
model is the deep erosion of the crest of the structure due
to the lack of sedimentation in this region (compare Figs. 6
and 9).
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5. Discussion

The geometries displayed by both the subaerial and
submarine models show some similarities and differences,
and have implications for the interpretation of real struc-
tures. These features will be summarised and discussed
below.

The doubly-plunging geometry of the fault-bend fold is
responsible for the basic differences in kink-band width

(in dip sections) and the linear decrease of structural height
(in strike sections) observed in pre-tectonic sediments for
both models (e.g. Figs. 4 and 7). Dip sections display classic
pre-growth and growth strata geometries associated with
fault-bend folds (cf. Suppe et al., 1991). In contrast, strike
sections, depending on where they cut the structure, exhibit
geometries very similar to those classically associated with
symmetric detachment folds. The kink-band geometry and
multiple panels observed in oblique sections reflect the
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Fig. 9. Subaerial model with background sedimentation of 0.55 m/ka, maximum slip rate of 3.0 m/ka, and diffusion coefficient of 3000.0 m*ka. Growth strata
are recorded at 150 ka intervals. (a) Vertical sections in the plane of the transport direction (dip sections). (b) Vertical sections in the plane perpendicular to the
transport direction (strike sections). (c¢) Vertical sections at 45° to the transport direction (oblique sections).

doubly-plunging geometry of the fold as well as the orienta-
tion of the sections. The oblique sections display structural
and stratigraphic geometries that contain both dip and strike
components simultaneously.

For the ‘fill-to-the-top’ scenario, sections in the plane of

the transport direction for both the submarine and subaerial
models show the widest growth triangle in the central area
and the narrowest at the boundaries, showing the doubly-
plunging geometry of the anticline (Figs. 4a and 7a). A
common feature is the change in attitude of growth axial
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Fig. 9. (continued)

surfaces along the structure. In section A, the backlimb and
forelimb growth axial surfaces rotate more toward the
hinterland than those in vertical sections B and C. These
geometries are associated with the accommodation space
available in the system, which controls the change in sedi-
mentation rate throughout the fault-bend fold. In the central
area, the combination of tectonic uplift rate and base level
change create an accommodation space value smaller than

that at the margins. This situation creates an effective sedi-
mentation rate that is relatively small in the central region,
causing the rotation of growth axial surfaces toward the
hinterland. Because of the accommodation space increases
toward the boundaries of the fault-bend fold, the effective-
sedimentation rate in this area is relatively high, and the
growth axial surface shows less rotation towards the hinter-
land (see Figs. 4a and 7a). Thinning of syn-tectonic
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sediments along the structure and fanning are similar
features shown by strike sections in both models (Figs. 4b
and 7b). The thinning of growth strata reflects differences in
accommodation space; low accommodation space in the
central area and high accommodation space at the lateral
margins of the fault-bend fold. This situation promotes a
thick sedimentary sequence in the margin and a thin one
in the centre. The fanning observed within syn-tectonic

sediments is associated with tectonic activity. The older
horizons have been involved in tectonic activity for a longer
period of time and are folded more than the younger ones.
The geometry of syn-tectonic sediments shown by oblique
sections in both models (Figs. 4c and 7c) variably show
growth triangles in the backlimb (sections I and J), forelimb
(sections I-M) as well as thinning of growth strata over the
crest of the anticline and fanning. In some oblique sections,
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growth-strata geometries typically associated with kink-
band migration and limb rotation are found together (e.g.
Fig. 4c). The complex geometries observed within syn-
tectonic sediments reflects the doubly-plunging geometry
of the anticline and the orientation of sections.

Reducing the background sedimentation in the submarine
model allows bathymetry to develop in the system (e.g.
Figs. 5a and 6a). Similarly, a ridge develops in the subaerial
model when aggradation rate is less than maximum uplift
rate in the centre of the structure (e.g. Figs. 8a and 9a). The
structural relief is accompanied by change in the geometry
of syn-tectonic sediments; particularly, we observe
evidence of unconformities where structural relief/
bathymmetry are developed. Creation of bathymmetry or
topographic relief is generally accompanied by erosion,
transport and deposition, simulated here using the diffusion
equation. Resultant geometries are smoother than ‘fill-to-
the-top’ geometries, but nevertheless display many similar
features.

The above discussion reinforces the idea of using 3D
information in order to decipher the geometry of natural
structures. Potential problems are minimised if we combine
high quality 3D seismic data, outcrop and well information,
but such data is not always available in every situation. A
consistent feature of all the models is the rapid variation in
growth-strata geometries between sections. This is particu-
larly true where the sections are oblique or at right angles to
the transport direction. These sections display complex
structural/stratigraphic configurations that are not easily
understood if the true 3D nature of the doubly-plunging
fault bend fold is not taken into account.

6. Conclusions

A numerical scheme has been proposed to study the
geometry of syn-tectonic sedimentation in a doubly-
plunging, fault-bend fold anticline. The geometry of the
syn-tectonic strata developed clearly reflects the interplay
between stratigraphic and tectonic processes and base level
change.

In both models studied, accommodation space and struc-
tural style (fault-bend folding) controls the basic geometry
of growth structures. However, it has been shown that
consideration of cross-section orientation is essential to
prevent misinterpretation of growth strata geometries. In
particular, we have shown that cross-sections oblique to
the transport direction may contain complex and highly
variable pre- and syn-tectonic geometries containing indica-
tions of both kink-band migration and limb rotation. The use
of oblique 2D information to interpret 3D structures could
cause misinterpretations if the complexities of stratigraphic
configurations in three dimensions are not taken into
account. This may not be of concern if there is a large
amount of additional constraining information, but it is
critical when 3D information is limited.
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