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Abstract—A Eulerian velocity description of deformation and a block contact condition are used to quantify the
kinematics of fault-bend folding. The orientations of active axial surfaces (velocity boundaries) and the changes
in slip necessary across them can be quantified using this approach. The method is general and includes previous

geometric models of fault-bend folding.

INTRODUCTION

Since the concept was first introduced by Rich (1934),
fault-bend folding has been the subject of much research
(Suppe 1983, Zoetemeijer et al. 1992). In recent years,
considerable effort has focused upon geometric model-
ling of such structures (Suppe 1983, Suppe er al. 1991)
and on the relationship between fold growth and sedi-
mentation (Hardy & Poblet 1995). The majority of these
studies have been based on the geometric model of
Suppe (1983) which describes the relationship between
fault-shape, fold-shape and slip for both simple and
complex fault-bend folds. For a simple step in décolle-
ment fault-bend fold, these relationships are:

tan @ = sin 2y/(2cos® y + 1) (48]
p=180° -2y )
R = sin (y — 6)/sin (y), 3)

where 6 is the dip of the fault, y is the axial angle of the
fault-bend fold, g is the dip of the forelimb and R is the
change in slip across the fault-bend fold (Fig. 1). Re-
cently, such models have been translated into velocity
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Fig. 1. The geometric model of fault-bend folding of Suppe (1983) for
a simple step in décollement and the relationship of defined angles and
axial surfaces.

descriptions of deformation, allowing the combination
of tectonic and sedimentary modelling (Hardy & Poblet
1995). This short note will present and apply a general
method for quantifying the kinematics of fault-bend
folding.

THE VELOCITY DESCRIPTION OF
DEFORMATION AND THE BLOCK CONTACT
CONDITION

Waltham & Hardy (1995) presented the velocity de-
scription of deformation in some detail and velocity
fields were derived for a range of geological processes
(for example, pure shear, inclined or vertical simple
shear, bulk rotation and compaction). The velocity
description of deformation is applied here to hanging-
wall deformation by layer parallel slip in which cross-
sectional area is preserved. It was noted that the velocity
fields derived for a given deformation mechanism can-
not be entirely arbitrary and, in particular, they must:
(a) conserve mass; and (b) not produce space problems.
Where processes such as pore collapse, dissolution/
precipitation and pressure solution are important, this
approach may not be applicable. The first of these
constraints requires that the velocities obey the conti-
nuity equation (Birkoff 1955):

V- (pv) + 0plat=0, 4)
where p is density, v is vector velocity and ¢ is time. If
density is assumed to remain constant, this equation
reduces to:

V.v=0. (5)
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Fig. 2. The velocity model of fault-bend folding of Hardy & Poblet

(1995), showing the horizontal and vertical velocities in the three

velocity domains, and the angles y; and y,. S is the slip rate, R is the

reduction in slip across the fault-bend fold, and u and v are the
horizontal and vertical velocities, respectively.

For two-dimensional processes (assuming conservation
of cross-sectional area), the relevant equation is:

uldx + av/ay =0, (6)

where u and v are the horizontal and vertical velocities
respectively.

Waltham & Hardy (1995) showed that a further con-
straint on possible velocity fields applies when there is a
series of distinct regions, each of which is governed by
different velocity equations. These regions may be dis-
tinct fault blocks, or they may be different velocity
regions above a fault-fold structure (Fig. 2). The con-
straint is that adjacent blocks or regions should remain in
contact at all times with no gaps appearing between
them and no overlapping areas. Waltham & Hardy
(1995) showed that this contact condition required that,
at all points along a fault or a velocity boundary, f(x):

Vi — Uy - Of/ox = v, — uy - 0f/dx, (7)

where v; and u; are velocities for the block or region to
be left, and v, and u, are velocities for the block or
region to the right, of the boundary.

APPLICATION TO THE KINEMATICS OF
FAULT-BEND FOLDING

Equations (6) and (7) can be used to investigate the
kinematics of fault-bend folding, initially for the case of
a simple step in décollement (Fig. 1). In this geometric
model, displacement is parallel to the local fault orien-
tation and the fold grows as a result of kink-band
migration (Suppe 1983). This leads to three distinct
velocity domains above the thrust (Fig. 2). In Domain 1,
displacement is parallel to the lower décollement; in
Domain 2, displacement is parallel to the ramping fault
plane and in Domain 3, displacement is parallel to the
upper décollement. Slip is conserved between Domains
1 and 2, but is consumed across the boundary between
Domains 2 and 3. The horizontal () and vertical (v)
velocities in the three domains are given by (Hardy &
Poblet 1995):

where § is the slip rate (m ka™!), @ is the thrust ramp
angle and R is the reduction in slip across the fault-bend
fold (equation 3). As the horizontal and vertical veloci-
ties within each domain are constant, the continuity
condition (equation 6) is clearly satisfied. The necessary
orientations (1; and y,) of the boundaries between the
domains can now be derived by substituting the relevant
velocities into equation (7). For domains 1 and 2, this
gives:

S-sin (@) +S-cos(0)-offox=S-affox (14)
which, rearranging, gives:
af/dx = sin (8)/(1 — cos (0)). (15)

For 6 = 30°, equation (15) predicts that the velocity
boundary (f) between Domains 1 and 2 must be inclined
at an angle, ¥, of 75°, which is the bisector of the lower
bend in the decollement (cf. Suppe 1983). Secondly,
equation (7) can be used to derive any changes insslip (R)
necessary between Domains 2 and 3, given the inclina-
tion (1¢,) of the boundary between them. Substituting
the velocities from Domains 2 and 3 into equation (7)
gives:

R-S-3f/ax =8 -sin(6) + S-cos(0) - df/ox (16)
which, rearranging, gives:
R = sin (8)/(3f/9x) + cos (8). an

When the boundary is that given by Suppe’s equations
for a ramp dipping at 30°, i.e. y = 60° or y, = 120°,
equation (17) predicts a slip ratio (R) of 0.577, which is
identical to that predicted by equation (3). Indeed, the
fault-bend fold model of Suppe (1983) is just a specific
instance, which preserves both line length and bed
thickness, of this more general kinematic model.

The power of the approach described here is that, for
an arbitrary inclination of the upper velocity boundary,
the method predicts the change in slip necessary across
it. Slip ratios for a range of boundary inclinations ()
are shown in Fig. 3 for a ramp dipping at 30°. From Fig. 3
it can be seen that, for values of ¥y, less than 75°, an
increase in slip is required across the boundary, while for
values greater than 75°, a decrease in slip is required.
Note that when v, is 150°, the change in slip is zero, as
this is the condition of displacement parallel to the
velocity boundary resulting in a through-going thrust
with no bend in the detachment.

The method also applies to more complex, high-
angle, reverse faults such as that illustrated in Fig. 4.
Figure 4(a) shows a model of hangingwall deformation
in which slip rate parallel to the fault segments is con-
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Fig. 3. Graph showing the slip ratios (R) necessary for a range of

orientations of the velocity boundary between the ramp and upper

décollement (1,) for the case of a simple step in décollement fault-
bend fold with 6 = 30°.
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Fig. 4. Models of fault-bend folding in the hangingwall of a seg-

mented reverse fault whose dip decreases from 60 to 0° by 15° across

each fault segment. (a) Slip is constant parallel to the fault and is

conserved across each axial surface. (b) Slip is imposed on the bottom

fault segment and is consumed across each active axial surface.

Horizontal and vertical velocities are shown for the first two domains
in each case.

stant and conserved across each active axial surface. The
block contact condition (equation 7) has been applied to
determine the orientation of each of the velocity bound-
aries ensuring that area is conserved in the hangingwall.
In contrast, in Fig. 4(b), displacement is imposed (speci-
fied) on the lowest fault segment and propagated up-
wards through the hangingwall and across each of the
active axial surfaces which dip at 30°. As the velocities in
the lowest segment and the orientation of all the active
axial surfaces are known, equation (7) allows the veloci-
ties and resultant slip rate in each domain to be calcu-
lated sequentially from right to left through the
hangingwall. For the case illustrated in Fig. 4(b), this
analysis indicates that the slip parallel to the fault must
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decrease from S in the lowest domain to 0.499S in the
uppermost domain. In fact, the horizontal and vertical
velocities within each domain are identical to those
predicted by inclined simple shear (60° antithetically)
(cf. Waltham & Hardy 1995).

The faults in Fig. 4 could also be treated as extensional
structures and the kinematics of hangingwall defor-
mation associated with extensional faulting analysed.
Extensional displacement (from left to right) requires
that the horizontal and vertical velocities within each of
the domains in Fig. 4 change sign compared to the
velocities under compression. If equation (7) is then
applied as before, the derived orientations of axial
surfaces and changes in slip rate are identical to those for
compression, but with a different sense of movement.
More complex geometries, such as ramp-flat structures,
could also be treated in this manner.

Thus the approach allows both the necessary orien-
tations of active axial surfaces (when slip is specified)
and changes in slip (when active axial surfaces are
specified) to be derived for a given model of hangingwall
deformation. Geometric and kinematic models can be
checked easily for area conservation in this manner.
However, some caution must be used when applying
equation (7), as while it ensures the kinematic admissi-
bility of a given model, it says nothing with regard to its
geological plausibility. Therefore, care must be taken to
ensure that the deformation mechanism implicit in the
derived kinematic model is compatible with the geologic
setting under consideration.

CONCLUSIONS

This short note has shown the applicability of the
velocity description of deformation and the block con-
tact condition (Waltham 1992, Waltham & Hardy 1995)
to the kinematics of compressional fault-bend folding.
The power of this approach is that it encompasses
previous geometric approaches (giving identical re-
sults), but allows the kinematic consequences of a range
of orientations of velocity boundaries (active axial sur-
faces) to be quantified. Complex, high-angle, fault-bend
fold kinematics, and hangingwall deformation associ-
ated with extensional faults, may also be quantified
using this method. The derived velocities can then be
used in simple mathematical models to test the geo-
metric consequences of such differences in kinematics
(cf. Hardy & Poblet 1995).
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