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Abstract we model in 2-D the formation and development of half-graben faults above a low-angle
normal detachment fault. The model, based on a “sequential limit analysis” accounting for mechanical
equilibrium and energy dissipation, simulates the incremental deformation of a frictional, cohesive, and
fluid-saturated rock wedge above the detachment. Two modes of deformation, gravitational collapse and
tectonic collapse, are revealed which compare well with the results of the critical Coulomb wedge theory.
We additionally show that the fault and the axial surface of the half-graben rotate as topographic
subsidence increases. This progressive rotation makes some of the footwall material being sheared and
entering into the hanging wall, creating a specific region called foot-to-hanging wall (FHW). The model
allows introducing additional effects, such as weakening of the faults once they have slipped and
sedimentation in their hanging wall. These processes are shown to control the size of the FHW region and
the number of fault-bounded blocks it eventually contains. Fault weakening tends to make fault rotation
more discontinuous and this results in the FHW zone containing multiple blocks of intact material separated
by faults. By compensating the topographic subsidence of the half-graben, sedimentation tends to

slow the fault rotation and this results in the reduction of the size of the FHW zone and of its number

of fault-bounded blocks. We apply the new approach to reproduce the faults observed along a seismic
line in the Southern Jeanne d’Arc Basin, Grand Banks, offshore Newfoundland. There, a single block exists
in the hanging wall of the principal fault. The model explains well this situation provided that a slow
sedimentation rate in the Lower Jurassic is proposed followed by an increasing rate over time as the main
detachment fault was growing.

1. Introduction

Slip on low-angle detachment normal faults is suggested to occur in zones of crustal extension [Wernicke,
1995]. In the present paper, we develop a two-dimensional (2-D) methodology to predict the deformation
pattern above a low-angle detachment fault in the brittle crust. The methodology is based on the kinematic
approach of limit analysis [Chen, 1975; Salengon, 1974, 2002; Maillot and Leroy, 2006] developed by Yuan et al.
[2015] to produce mechanically balanced half-graben geometrical construction.

Sites where crustal extension has produced low-angle detachments include the Gulf of Mexico [Xiao et al.,
1991], the northern part of the Basin and Range province (Nevada and Utah [Anderson et al., 1983]), and
the Corinth rift [Rigo et al., 1996]. All these extensional systems are dominated by half-grabens that seem to
have migrated over time. We seek here to understand the mechanisms of formation and migration of such
half-grabens. Groshong [1989] has proposed that the hanging wall of a normal fault slides down along the
fault plane and that the rocks are progressively sheared as they pass through the conjugate axial surface of the
fault. Xiao and Suppe [1992] have complemented the half-graben kinematics description by accounting for
the sedimentation that generally occurs in the hanging wall of the fault during the extensional deformation
(as in the Gulf of Mexico [Xiao et al., 1991] and the Albuquerque Basin [Russell and Snelson, 1994]). However,
in these prior works, the dips of the normal faults and the axial surfaces are prescribed, not mechanically
inferred. Furthermore, the half-graben migration in space during extension is not reproduced. A motivation
of the present work is thus to explore the mechanics of half-graben formation and migration in extensional
settings where low-angle detachments are involved.
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Sandbox analogue experiments [Xiao et al., 1991; Exadaktylos et al., 2003] have reproduced the half-graben
migration during extension. The experiments of Dahl [1987] revealed the existence of a region that we call
foot-to-hanging wall (later referred to as FHW) where the rock material adjacent to the fault passes from the
footwall to the hanging wall of the fault because of the progressive rotation of the fault as extension is going
on. However, the processes and mechanisms responsible for the formation and evolution of such FHW regions
are not understood yet from a mechanical point of view. Two processes, fault weakening and sedimentation,
have been suggested to influence the development of faults in compressional settings [Mary et al., 2013a],
using the same methodology. The process of fault or slip weakening expresses the idea that faults become
weaker as they slip. For this reason, these two processes are central in the modeling we perform.

Most of the present theoretical understanding of rock wedge stability above a weak detachment fault is
based on the extensional Critical Coulomb Wedge (CCW) theory [Xiao et al., 1991; Yuan et al., 2015], which is
strictly valid only for planar detachment and topographic surfaces. However, the evolution process involves
internal deformation controlled by fault weakening, sedimentation, and topographic irregularities. Therefore,
improved methods are required to explain the time evolution of extensional wedges. The Distinct Element
Method (DEM) is well adapted to simulate the evolution of a rock wedge in extensional context, down to its
small-scale fracturing. Based on this method, Egholm et al. [2007] indeed succeeded to reproduce the princi-
pal features of the half-graben faults including the production of narrow blocks bounded by normal faults of
different dips. Heterogeneous cohesive properties could also be accounted for, and the narrow blocks were
found to have a lense shape with a complex internal structure [Schépfer et al., 2007] as commonly observed.
Abeetal. [2011] then included a fault opening mechanism at the fine scale that allowed reproducing a greater
complexity of the normal faulting including some opening in the shallow crust, as observed in some analogue
experiments [Holland et al., 2006]. The DEM approach, however, has not yet been applied to fault evolution in
extension accounting for deformation processes involving fluid pressures and fault weakening.

Therefore, we develop here a novel approach that allows modeling the space-time evolution of half-grabens
while integrating weakening on the faults and that includes erosion or sedimentation processes and fluid
overpressure. Few input parameters are required in this methodology: rock cohesion and friction angle, and
fluid pressure. The methodology also has a small number of degrees of freedom: the dips of the two planes
that bound that overall half-graben structure and the position of their common root. Therefore, it is com-
putationally efficient, opening possibilities for inverse methods, which require a large number of forward
simulations. We have indeed performed in the work presented below several thousand of simulations to fit
the geometrical and material parameters of a natural fault system (Jeanne d’Arc Basin [Withjack and Callaway
[2000]), in the spirit of the inverse analysis conducted by Cubas et al. [2013] for a compressional setting.

Below, we first present what is the “sequential limit analysis” for the case of a simple rock wedge above
a normal detachment fault, based on the prior work by Yuan et al. [2015]. In section 3 we analyze a rock
wedge evolution and validate the methodology. Two modes of deformation, gravitational collapse and tec-
tonic extensional collapse, are revealed which compare well with the theoretical results of the CCW theory
[Dahlen, 1984; Xiao et al., 1991]. In subsequent section 4 we introduce additional effects, weakening of the
faults once they have slipped and sedimentation in the hanging wall of the fault. We show that these effects
markedly impact the results, in particular, they control the size of the FHW regions and the number of blocks
they contain. Finally, we apply the new approach to restore the faults observed along a seismic line through
the Southern Jeanne d’Arc Basin, Grand Banks, offshore Newfoundland [Withjack and Callaway, 2000] using a
simplified version of an inverse method. There, a single block exists in the hanging wall of the fault. The model
explains well this situation provided that the sedimentation rate has increased while the main detachment
fault was growing.

The technical details of the calculations and a review of the sequential limit analysis can be found in the
supporting information associated to this contribution.

2. Sequential Limit Analysis of a Homogenous Wedge Submitted to Extension

We describe here the sequential limit analysis approach through its application to a material wedge being
strained on one of its lateral boundaries. The wedge (Figure 1a) is composed of a uniform and cohesive fric-
tional Coulomb material (friction angle ¢, and cohesion Cg) and has an arbitrary topography. It is resting on an
inclined, planar detachment (line AB with friction angle ¢, and dip f). A vertical back wall (AC), characterized
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Figure 1. Upon retreat of the back wall along the detachment, (a) the wedge prototype deforms according to one of
the three expected collapse mechanisms, corresponding to (1) the full activation of the detachment, (2) the activation of
a normal fault AE rooting at the back wall, and (3) the partial activation of the detachment, of a normal fault (NF) GE

and of an active axial surface (AAS) GF. HW, SW, and FR are labeled for Hanging Wall, Sliding Wall, and Frontal Region,
respectively. (b) lllustration of the geometric evolution after an increment of slip for mechanism (3) based on the
half-graben geometry, and illustration of erasing the fault scarp EE’, replaced by a slope dipping at the friction angle @g.
In Figure 1b, the rollover is bounded by the AAS and the inactive axial surface (IAS). Grey stripes are passive markers.

(c) The relation between the displacement of the hanging wall Ady,y and the sliding wall Adsyy, assuming mass
conservation.

by the friction angle ¢gy, is in contact with the wedge material at its thickest side. An incremental displace-
ment § of the back wall parallel to the detachment and away from the wedge produces an extensional strain
to the wedge/detachment system. The strain can induce three “collapse mechanisms” (Figure 1a). The first
mechanism is the rigid-block sliding of the wedge along the entire length L ,; of the detachment fault. In the
second mechanism, the detachment accommodates no displacement, and deformation therefore localizes at
the back wall (Figure 1a). A third mechanism occurs when only a segment of the detachment is sliding upon
the retreat of the back wall. This partial sliding, represented to occur along AG in Figure 1a (mechanism 3),
leaves the frontal part BEG undeformed. A normal fault (i.e., displacement discontinuity) GE forms, synthetic
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to the detachment. A velocity discontinuity also forms, GF, antithetic to the detachment. The point G is the
“root” of the half-graben defined in between the normal fault GE and the active axial surface GF [Xiao and
Suppe, 1992]. Note that this fault system is not symmetric by construction since the normal fault GE is a dis-
placement discontinuity whereas the axial surface GF is a velocity discontinuity, crossed by material moving
from the hanging wall to the sliding wall. Such an asymmetry corresponds to synthetic normal faulting where
the fault dips in the same direction as the detachment. It is an essential feature reproduced by some exper-
imental work [Xiao et al., 1991], and it is consistent with numerical analysis [Marshall et al., 2010] and field
observations, such as in Brazos Ridge rollover, offshore Texas, and Mississippi Canyon and Louisiana rollovers
[Xiao and Suppe, 1992].

The first step of the sequential limit analysis consists in determining which collapse mechanism is optimal
with the help of the kinematic approach of limit analysis [Yuan et al., 2015] (supporting information). The
method combines the concepts of mechanical equilibrium and of energy dissipation by frictional slip along
all active faults (being of Coulomb type) to provide an upper bound to the force applied at the back wall, given
a collapse mechanism. The three upper bound forces at the back wall, Q;, associated to the three collapse
mechanisms (i for mechanisms 1, 2, and 3) are thus determined and represented by thick arrows, opposite to
the sliding 6 of the back wall (Figure 1a). The limit analysis theorems prove that the least of the three upper
bounds is associated to the mechanism the most likely to occur. This mechanism is said to be “dominant”.
The analytical expressions for the three bounds are given in Text S2 of the supporting information, including
cases with fluid pressure. Note that the compressive forces are negative, so the minimum force corresponds
to the greatest absolute compressive force. The search for the dominant mechanism requires to minimize
each upper bound in terms of the geometric parameters of the corresponding mechanism: none for mecha-
nism 1; y for mechanism 2; and y, 6, and L, for mechanism 3 (Figure 1a). The minimization of upper bound
forces of mechanisms 2 and 3 with respect to their geometric parameters is conducted following the numer-
ical procedure proposed by Cubas et al. [2008]. The detachment fault and the topography of the prototype
are discretized by two sets of points (Figure 1b). For mechanism 2, upper bound forces are calculated for all
discrete positions of point E on the top surface (defining the dip y of the normal fault AE), and the least value
Q,, indicates the optimal dip y. For mechanism 3, upper bound forces are calculated for all discrete positions
of points E, F, G (defining the dips 6 and y and the length L, for mechanism 3). Again, the least upper bound
Q3 is associated to the optimal values of 6, y, and L .. The dominant mechanism is the one associated to the
least value among the triplet Q.

In a second step, the sequential limit analysis updates the geometry that has changed due to the displace-
ment 6 of the back wall. For mechanism 1, the material is translated as a rigid block by the same value 6 and
therefore the geometry does not change. For the mechanisms 2 and 3, the geometry changes as sketched
in Figure 1b (9 = 90° for mechanism 2) [Groshong, 1989; Xiao and Suppe, 1992; Pashin and Groshong, 1998].
We do not account for the material dilatancy, as considered by Xiao and Suppe [1992] and thus assume that it
can be disregarded in the field, contrarily to granular materials in analogue experiments. The sliding wall (SW)
and the back wall are translated by Ads,, = 8, the hanging wall slips along the normal fault GE by Ad,,,, and
the frontal region is assumed to be stationary. To ensure mass conservation, the component of the displace-
ments in the hanging wall and the sliding wall perpendicular to the axial surface GF should be equal to each
other, i.e.,

Adyy sin(y + 0) = Adgy, sin(6 + ), (1

asillustrated in Figure 1c. The update of the system geometry and of the model topography implies that some
material points of the hanging wall will cross the axial surface GF, as illustrated in Figure 1b. Their movement
is therefore a combination of hanging wall and sliding wall displacements, 6, and &syy. Again, from mass
conservation, these two displacements must satisfy the following relation

é é
HW W _ 2
Adyy  Adgy

After their displacement, the topography points lie in the rollover zone between the active axial surface and
the inactive axial surface (Figure 1b). Note that the wedge weight pgS,zc, where p, g, and S 5 are the material
density, the gravity acceleration, and the wedge area, respectively, will be used to normalize the upper bound
force at the back wall. This weight is constant in the absence of erosion or sedimentation.
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The two steps of the sequential limit analysis described above are applied at every increment of the extension.
This allows us knowing at each step which “collapse mechanism” is dominant, and documenting the evolution
of the fault system as the applied extensional strain is increasing.

A surface instability might occur if the topography created in the vicinity of point E (where the normal fault
intersects the topography) has a dip y greater than the material repose angle. In this case, a surficial mass
redistribution can be carried out as illustrated in Figure 1b. In this situation, we may either assume that the
material has enough cohesion to sustain the steep slope without any surficial redistribution, or that the mate-
rial has indeed a low cohesion (consistent with sand analogues); in this case, we replace the excessively steep
slope by a slope at the repose angle set to ¢, (Figure 1b), positioned such that mass conservation is ensured
[Mary et al., 2013a, 2013b]. The second procedure will be adopted in section 3 where cohesionless materials
are considered.

To complete this section, we need to define the fluid pressure p(x) and the fluid pressure ratio A(x) atany point
x within the wedge. We follow Pons and Leroy [2012] and Yuan et al. [2015] defining

- prgD
200 = PO = prgD(x)

X) = —m with  6(x) = pg(x; + D(X)) — prgD(x), (3)

where p; and D(x) are the fluid density and the thickness of the fluid above the saturated continuum at point
x (see Figure 1a for illustration), respectively. The scalar 4 in (3) varies between A4, (= p¢/p) and 1, corre-
sponding to the range from hydrostatic to lithostatic pressure. The definition of A is crucial for the comparison
with the CCW theory [Dahlen, 1984; Xiao et al., 1991] in fluid overpressured wedges (section 3). As discussed
by Yuan et al. [2015], the influence of the fluid pressure can be analyzed with the so-called “overpressure ratio”
AL =2 = Ahydro-

3. Simulation Results and Interpretation With the CCW Theory

The wedge prototype shown in Figure 1a simulates the experimental work of Xiao et al. [1991] with a cohe-
sionless material and an initially flat topography (« = 0°). Our first objective is thus to apply our numerical
approach to reproduce this experiment. Numerical and analogue results will then be compared. The material
and geometrical parameters (Table 1) are those given by Xiao et al. [1991] or, if missing, chosen consistently.
Note that, as discussed in the supporting information, the normalized upper bound forces are independent
of the initial detachment length for cohesionless materials. Consequently, the final shape of the structure is
independent of this characteristic length. The initial detachment fault and topography are discretized into
1000 points. Extension is applied through incremental dimensionless steps A§ = A§ /L g of 51075 The steps
are applied until a stable wedge is obtained; from then on, further retreat of the back wall only induces a rigid
slip of the wedge along the whole detachment or no displacement at all.

3.1. Numerical Results for the Case of a Dry Wedge

The evolution process is illustrated for two cases in Figures 2a and 2b where we set, respectively, a detach-
ment dip > @ and f < ¢p. The first case for § = 32°> ¢, is based on the experimental setup of Xiao et al.
[1991]. Extension first induces deformation near the back wall (mechanism 2 at § = 0.07), which then extends
to the central and frontal parts of the wedge by means of mechanism 3 (at § = 0.14 and 0.26). The simula-
tion results match well those of Xiao et al. [1991]: deformation is initially observed at the back wall and then
migrates toward the wedge tip as extension is increasing. Once the wedge is sufficiently thinned to reach a sta-
ble taper, it slides rigidly by mechanism 1 (Figure 2a at 5 = 0.37), no further internal deformation is registered,
and the calculations are stopped. The overall deformation corresponds to a “tectonic extensional collapse”
mode, defined in Yuan et al. [2015]; the whole topography is modified to attain a new critical shape. The crit-
ical topographic slope calculated by Xiao et al. [1991] is —14.83°, and we see that this slope is indeed that of
the frontal part of the wedge (see the dashed line in Figure 2a). The surface is no longer planar in the back
half of the wedge because of the influence of the rigid back wall. The cyan markers show undulations which
correspond to preferred zones of activation of mechanism 3 analyzed in a later section (section 3.2).

For the case of a detachment dip g < ¢, (Figure 2b), extension results essentially in a “gravitational
collapse” of material near the back wall with a dominance of mechanism 2, some activation of mechanism 3
(at § = 0.24), and no occurrence of mechanism 1. This terminology of gravitational collapse was employed in
Yuan et al. [2015] because of its similarity with landslides. The calculation is ended when no material remains
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Table 1. Geometrical and Material Parameters for the Simulations on
Wedge Prototype (Section 3)?

Notation Definition Values Unit
initial topographic slope 0 degrees
B detachment dip 20,32 degrees
dc sea bed depth (Point C) 0 m
Pq friction angle (a = B, AAS, NF) 39 degrees
Ppw friction angle on back wall 30 degrees
®p detachment friction angle 27 degrees
Cq cohesion (a = B, AAS, NF, D) 0 Pa
saturated material density 2000 kg/m?3
ot fluid density 1000 kg/m?3
Ahydro hydrostatic pressure ratio 0.5 -
Adg bulk overpressure ratio 0 =
Alp detachment overpressure ratio  [0.0; 0.2] -

2Notation: B, Bulk; AAS, Active axial surface; NF, Normal fault; BW,
Back wall; and D, Detachment. Values are constant or varied within
the ranges presented.

against the back wall. At this stage (§ = 0.39), the landward dipping topographic slope matches the critical
surface slope of 36.04° obtained with the CCW theory [Dahlen, 1984] for the gravitational collapse case. As
seen from the topography and cyan markers in Figure 2, the sequential limit analysis also predicts the inter-
nal deformation necessary for the wedge to reach its stable state. We examine next the development of this
internal deformation pattern.

3.2. Internal Deformation Pattern for the Case of a Dry Wedge

The evolution of the internal deformation can be better understood with the help of a G-gram [Mary et al.,
2013a], a graph showing the successive relative positions of point G, the common root to the normal fault
and the active axial surface, with respect to the wedge tip. The dimensionless distance, gz = Lpc/Lag (Lag
the detachment length), is shown as a colored dot at each corresponding value of extension & (Figure 3 with
approximately five thousand extension steps). Black dots and cyan dots correspond to tectonic and grav-
ity collapses as described in Figures 2a and 2b, respectively. Note that L = 0 corresponds to mechanism 1
(sliding over the whole detachment), L = 1, to mechanism 2 (back wall sliding),and 0 < L, < 1isassociated
with the activation of mechanism 3 (internal deformation). For the case > ¢, (black dots), mechanism 2 is
active alone up to § = 0.1 and the dots are forming a vertical line at the right of the plot. For larger displace-
ments, mechanism 3 starts to dominate occasionally, and both mechanisms 2 and 3 are active, upto 5 = 0.369.
Stable slip with mechanism 1 finally takes over for § > 0.369 (Figure 3b). During extension with mechanism 3,
the G points are organized in a series of eight V's developing toward the wedge tip. The spacing between
the various V's is such that the active axial surface of a given half-graben intersects the topography close to
where the normal fault of the neighboring half-graben does. There is also some minor activity, with similar
V structure but more diffuse, inside the main eight V's. This G-gram structure is reminiscent of the one found
in compressional settings by Mary et al. [2013a, 2013b] where forethrusts are grouped along the detachment
such that the topography tends toward a straight line at the critical slope. Here at least eight V's develop over
the detachment ensuring thinning of the wedge with the final critical surface slope. This distribution of V's
results in a nonuniform deformation, with relatively undeformed regions separated by highly sheared zones
as is observed in the undulations of the markers in Figure 2a. The V's are induced from back wall to wedge tip
and cease their activity also from the back wall to front tip, as seen from the decreasing density of points in
each V as the wedge is getting closer to stable slip (Figure 3b).

In contrast, for case f < @ (cyan dots), mechanism 2 is active throughout extension but is combined with
mechanism 3 for § > 0.2. Mechanism 3 develops three similar (but with a mirror symmetry) V patterns in the
G-gram, with a reverse spatial evolution, from wedge tip to the back wall.
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Figure 2. The extension results in either a tectonic extensional collapse, (a) # = 32°> ¢p, or in a gravitational collapse
for (b) p = 20° < @p. Solid and dotted red lines represent, respectively, normal faults and active axial surfaces during the
three displacement steps around the displacement value § indicated in each plot. Cyan lines are passive markers
revealing internal deformation. Dry conditions are considered. Animation of the numerical experiment for Figure 2a is
presented in the supporting information. Vertical and horizontal scales are equal. See Table 1 for parameter values.

3.3. Numerical Results for the Case of an Overpressured Wedge

We now illustrate how fluid overpressure on the detachment may change the mode of extension of the wedge
from gravitational to tectonic collapse. The fluid overpressure ratio A4, in the detachment is varied within
the interval [0.0; 0.2], and hydrostatic conditions are considered in the bulk material (A4; = 0). Only final
geometries obtained for =20°< ¢, are presented in Figure 4. Without overpressure on the detachment, the
final geometry is that of Figure 2b. For increasing overpressure A, up to 0.1, the gravitational collapse mode
still dominates but the final topographic slope decreases because the overpressure reduces the mechanical
strength of the detachment. The change in mode of deformation from gravitational to tectonic extensional
collapse occurs for A4, between 0.10 and 0.15. The two cases of A4y = 0.15 and 0.20 are thus of a tectonic
extensional collapse mode. Note that a stable wedge is reached for less extension when overpressure is
greater. This is a consequence of the decrease in the CCW topographic slope with increasing A4, in the tec-
tonic extension mode. Note also that all final geometries presented in Figure 4 exhibit a topographic slope
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Figure 3. The G-gram presents the position of the common root of the normal fault and the active axial surface

(point G, Figure 1a) for increasing back wall dimensionless displacement (vertical axis). (a) Black dots (8 > ¢p) and cyan
dots (B < ¢p) correspond to the evolution processes in Figures 2a and 2b, respectively. (b) A close up on the G-gram for
the case > @p only, showing the gradual transfer of internal deformation toward the wedge tip for § < 0.369 and the
switch to stable sliding (Lgg/Lag = 0) for § > 0.369.

which matches quite well the critical slope of the CCW theory, once properly amended by Wang et al. [2006]
(called ECCW (E for exact) theory in Yuan et al. [2015]).

The match between the computed wedge topography and the critical slope predicted with the CCW theory
validates the sequential limit analysis and our choice of collapse mechanisms (Figure 1a). It constitutes also a
nontrivial verification of our numerical implementation.

4. Roles of Fault Weakening and of Sedimentation

The objective is now to concentrate on the hanging wall of the normal fault and to study the effects of sedi-
mentation and fault weakening on its deformation. Fault weakening refers to the fact that faults are planes of
frictional weakness compared to the bulk material (lower friction angle and/or cohesion). Various processes
can lead to fault weakening such as slip weakening at the earthquake dynamic scale or clay smearing or
smoothing at longer timescales. In our simulations, we set the prescribed weakened properties to any fault
after it has sustained a first slip increment. In doing so, we do not refer to any specific weakening process.

We use a new prototype shown in Figure 5a that contains a lower normal fault (segment AG) not extending to
the surface and playing the role of detachment fault. This detachment is buried at depth h beneath the initially
flat topography. To analyze the deformation of the wedge, we refer here to a mechanism 4 (Figure 5b), which
includes slip along the normal fault GE rooting at the upper end of the detachment (point G). Mechanism 4
is identical to mechanism 3 presented in Figure 1a except for two differences. First, the position of point G
is predetermined, and second, the normal fault GE (dipping at an angle y) has specific material properties in
order to describe its possible weakening. The active axial surface GF rooting at point G is dipping at 6. These
two dips y and 0 are optimized according to the limit analysis discussed in section 2. The expression for the
upper bound force at the back wall is given in Text S3 of the supporting information. Material parameters
are given in Table 2. Weakening of the normal fault GE is implemented as follows: the friction angle of the
fault is set to the bulk friction ¢; if the fault has not slipped in the previous step. By contrast, if the fault has
slipped in the previous deformation step, we decrease its friction angle value to @ygy (NFW: normal fault
with weakening). This is a simplified version of the linear weakening law considered in Cubas et al. [2008]. Of
course, when the value of @y is equal to ¢, there is no fault weakening. Note that no weakening memory
is accounted for once the weakened fault stops slipping, fault healing is instantaneous, i.e., the friction angle
is restored to its original bulk value.

To ensure that the deformation occurs by activation of the detachment fault and not by a gravitational
collapse at the back wall, we refer again to the extensional CCW theory [Xiao et al., 1991], Figure 6a. The
stability domain of the extensional CCW theory is plotted for two values of the detachment friction angle
@p=10° and 30°. For a prototype with (8, a) outside this stability domain, the collapse characterized by the
deformation near the back wall (e.g., the mechanism 2 in Figure 1a) is expected. To the contrary, within
the grey stable domain, the deformation should be controlled by slip on the detachment and complemented
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Figure 4. Stable wedges in various detachment overpressure ratios A Ap. Detachment dip is §=20°, and the back
wall friction angle is @y =30°. See Table 1 for other parameters. The blue dashed lines correspond to the critical

Gravitational collapse

Tectonic extensional collapse

ANp = 0.20

~ —~Dahlen topo (25.00°)

Xiao et al. topo (-2.66°)
_ 7

—~=Dabhlen topo (36.04°)

~Dahlen topo (31.99°)

~

slopes calculated from Dahlen [1984] or from Xiao et al. [1991], with the ECCW theory in Yuan et al. [2015] for fluid
overpressured cases. Vertical and horizontal scales are equal.

Table 2. Geometrical and Material Parameters for the Simulations of the Hanging Wall
Deformation in Sections 4 and 52

Values

Notation Definition (Section4)  (Section 5) Unit
a initial topographic slope 0 0 degrees

detachment dip 30, 45, 60 18 degrees
h cover thickness 03 12x 103 m
dp sea bed depth (Point D) = 0 m
@q friction angle (a = B, AAS) 32 35 degrees
ONFW NF friction angle with weakening 25, 30, 32 [20; 34] degrees
®p detachment friction angle 10, 30 10 degrees
Ca cohesion (a = B, AAS, NF, D) 0 0 Pa
rs sedimentation ratio [0.0; 1.4] variable -
P saturated material density 2000 2500 kg/m3
of fluid density - 1000 kg/m3
Ahydro hydrostatic pressure ratio - 0.4 =
Aldg bulk overpressure ratio = 0 s
Adp detachment overpressure ratio - 0.2 -

2Notation: B, Bulk; AAS, Active axial surface; NF, Normal fault; and D, Detachment.
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a) x211 Z b)  hechanism (4)

Normal fault (NF)

Rigid wall

Active axial surface
(AAS)
Detachment

Detachment /

Figure 5. (a) The prototype considered in sections 4 and 5 consists of a detachment fault AG and an initially flat cover.
(b) The collapse mechanism 4 composed of a normal fault and an active axial surface rooting at point G and is identical
to mechanism 3 (Figure 1a), except that point G is fixed.

by an upper normal fault as in mechanism 4. Consider now the detachment fault dips of 30°, 45°, and 60°
corresponding to the three blue squares in Figure 6a. They are aligned on the horizontal line « = 0° corre-
sponding to the initially flat topography. The case of g = 60° is within the two stability domains and thus the
whole detachment should be activated regardless of the two values of the detachment friction angle. For a
dip p equal to 30° and 45°, the activation of the detachment should only occur for the friction angle ¢, of 10°.
For the larger value of 15°, deformation should initiate near the back wall, as illustrated in Figure 6a, prior to
the propagation of the detachment fault through the cover. This transition of the deformation activity from
the back wall to the wedge tip was discussed in the previous section and will be disregarded in what follows
since only mechanism 4 in Figure 5b is applied.

4.1. Reference Simulations

As a reference, we present in Figure 7 six simulations without fault weakening nor sedimentation and set  to
30°,45°, 0r 60°, @, to 10° or 30°, and imposing a small back wall displacement § = 0.2 parallel to the detach-
ment (displacement is normalized by the thickness h of the initial cover: § = §/h). Note that the normal fault
dip y is greater than g so the overall normal fault AGE is concave, except for case f where y =~ . Hanging wall
material is sheared when crossing the active axial surface and entering into the rollover domain (Figure 7d).
The inactive axial surface IAS was the first active axial surface AAS and is now translated by the downward dis-
placement (Figure 7d). Material in the rollover is thinned and has an antithetic dip. Rollovers are commonly
observed in the field and were described with geometrical models [Xiao and Suppe, 1992]. We find here a
mechanical justification and a quantitative link between the geometrical models and the frictional properties.

a) b)
40 T T " L T T S i T
¢,=10 9,=30
ED
£ A
3 L 8 G
7] RS
(=¥ . .
o 0r r ® Jeanne d'Arc Basin
@
Y J
& Pp=35°
:n:_i e E : I CCW the ey O
Extensional CCW theory a0 Xtensional theory AMn=
i : 2T Pp=32 3 . g=0
[X:“w et al., 19?1] J l Dry condition [Xtao‘ et al., 1991‘, Yuan et al.,l 2015]\‘/ A)\D=0<2
40g 20 40 60 80 0 20 40 60 80
Detachment fault dip  [deg] Detachment fault dip B [deg]

Figure 6. The stability domain of the extensional CCW theory [Xiao et al., 1991; Yuan et al., 2015] is used to check that
the initial states for the simulations in (a) section 4 and the application in (b) section 5, correspond to the activation of
the detachment AG rather than to a collapse occurring near the back wall.
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Figure 7. Six simulations are presented ignoring the effects of fault weakening and sedimentation. The detachment
dips are at (first column) 30°, (second column) 45°, or (third column) 60°, and the associated friction angle ¢p is set to
(first row) 10° or (second row) 30°. (third row) Analogue experiments from Dahl [1987] and Egholm et al. [2007] with

B =30° 45° and 60°. In Figure 7d, the oblique solid line indicates the current active normal fault (NF), while the dashed
lines represent the active axial surface (AAS) and the inactive axial surface (IAS). Vertical and horizontal scales are equal.

In case f, the detachment has a friction ¢, = 30° close to the bulk friction ¢;=32° and a dip f = 60° near the
Andersonian dip z/2 — (/4 — @g/2) = 61°. The sequential limit analysis optimization then yields y ~ g as
expected from Anderson’s theory, and there is no rollover because the axial surface does not play the role of
a velocity discontinuity between the hanging and the sliding walls.

The sequential limit analysis can include another effect that is generally ignored in geometrical constructions:
the change in dip of the normal fault as the hanging wall subsides. For a large detachment friction angle
@p (cases d and e) and for a low detachment dip (case a) in Figure 7, the dip y decreases approximately by
10° with ongoing displacement while the dip 6 of the axial surface remains approximately constant. This
rotation produces a triangular region where the material sustains intense shear. This region is referred to as
the foot-to-hanging wall (FHW) region, because its material was originally in the footwall below the active
normal fault, and is now in its hanging wall. The physical interpretation of the rotation of the active normal
fault is far from being obvious, at least for the authors, and we first rely on an inspection of the governing
equations (S9) and (S10) in the supporting information as well as the hodogram in Figure S4a which provides
the geometric interpretation of equation (S9). From equation (S10), it appears that, in the absence of cohesion
and fluid overpressure, the minimum force is controlled by the power of the gravity force on the sliding wall
and on the hanging wall velocities. The former contribution is increasing linearly with extension because the
axial surface dip remains constant to first order regardless of the value of y. The latter term results from the
product of three components: the current area of the hanging wall, its velocity norm and a scalar due to
the projection of the velocity on the direction of the gravity action, and the vertical axis. Reducing y increases
the hanging wall area and increases the velocity norm, as seen from Figure S4a, but reduces the scalar due
to the projection. Physically, the interpretation is that reducing y increases the material area involved in sliding
as well as the sliding velocity norm (decreasing the tectonic force) but reduces the action of gravity (increasing
the tectonic force). It is the balance of these three influences which control the normal-fault rotation during
the topographic subsidence.

A number of features observed in sandbox experiments including the production of FHW regions [Dahl, 1987;
Egholm et al., 2007], shown in Figure 7 (third row), are clearly replicated by our simulations. Observed rollovers
develop for § =30°, 45°, but not for # = 60°, and FHW regions are observed for all three cases f =30°, 45°,
and 60°, like in our simulations. For f =45° and 60°, the fault rotation has occurred suddenly, creating
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Figure 8. Effect of weakening of the normal fault. The evolution process for (a) no fault weakening, (b) 2°, and (c) 7°
drop of the normal fault friction angle, for various values of § = 6/h (slip on the detachment over the cover thickness).
In Figures 8b and 8¢, surface is deflected across the faults but not offset because of surface process (erosion and
deposition), illustrated in Figure 1b. Vertical and horizontal scales are equal.

undeformed conical blocks in the FHW, and this has not occurred in our simulations where a continuous
rotation takes place instead. This motivates the introduction of fault weakening into the modeling.

4.2. Fault Weakening

The simulation results for § = 30° and ¢, = 30° are selected in this subsection because they produce a rather
large FHW region (Figure 7d). This configuration is ideal to introduce a further complexity in the model: fault
weakening. We recall that any new normal fault has a friction equal to the bulk friction ¢, whereas a reduced
friction angle gygy (for normal fault with weakening) is assigned to the fault once it has sustained its first
increment of displacement. No memory is kept of the fault weakening once the fault is deactivated.

The simulation without fault weakening (Figure 7d) is prolonged to § = 1.2 (Figure 8a), and simulations with
2° fault weakening (gnew = @5 — 2° = 30°) and 7° (pnpw = 25°) are shown in Figures 8b and 8¢, respectively.
These series of plots show that the normal fault progressively rotates counterclockwise up to having a dip
close to . This evolution and the dip changes of the normal fault and the active axial surface are presented in
Figure 9. The variation of y appears to be gradual, increasing the area of the FHW region. The total volume of
the cross sections is conserved because there is no external sedimentation. At the same time, the active axial
surface also rotates counterclockwise up to approximately 80° (solid black curve () in Figure 9) producing a
slight curvature in the rollover beds (Figure 8a). The dip 6 of the active axial surface reaches a roughly constant
value when all the flat beds initially in the hanging wall have passed through the active axial surface (Figure 9
for & larger than 0.86, approximately).

In Figure 8a (6 = 1.2), the material of the FHW region keeps a synthetic dip. The cases with fault weaken-
ing (Figures 8b and 8c¢) also show rotation of normal faults and active axial surfaces, but the rotation is now
stepwise (Figure 9, blue and grey lines). The rotations of the normal fault and of the active axial surface occur
simultaneously. The sudden weakening on the active normal fault implies a sharp drop in the correspond-
ing upper bound of the compressive force at the back wall and thus the possibility to remain active during a
finite period of extension. The resulting finite deformation is markedly different from the case without weak-
ening, with the FHW region being dissected by several fault-bounded blocks instead of being a continuous
shear zone. Note also that a single block or two blocks are produced, depending on the amount of weakening
(Figures 8b and 8c at 4 = 0.8). In the rollover region, the jump in dip of the active axial surface (at § = 0.39)
resulted in a kink band, visible at § = 0.5 and 0.8 in Figure 8c.

With this new insight we can look again at the analogue experiments in Figure 7 in which the FHW regions
are composed of one or several fault-bounded blocks. Our simulation results suggest that weakening of the
sand analogue material might be an explanation to the development of these structural features (with sand,
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Figure 9. Variations of the dip of the normal fault (y, dashed curves) and the dip of the active axial surface (6, solid
curves) with displacement §, for the three fault weakening cases in Figure 8.

weakening is essentially function of the initial density of the pack, and therefore to grain size distribution and
handling technique, and corresponds to a dilatation along the fault plane that allows grains to roll pass each
other when the fault is fully formed [Lohrmann et al., 2003; Panien et al., 2006; Maillot, 2013]. Moreover, a
moderate fault weakening produces many jumps which might not be distinguishable from the continuous
rotation. It is only for a fault weakening greater than 2° that the number of blocks becomes observable.
For even larger fault weakening values, the number of jumps in dips decreases and the number of blocks is
reduced for the same extension. We see next that the sedimentation stabilizes the rotations of the normal
fault and of the active axial surface and affects the number of blocks in the FHW region.

4.3. Sedimentation and No Fault Weakening

Sedimentation is modeled by filling the topographic depression formed in the hanging wall with material of
the same physical properties as the pregrowth strata. The compaction of sediments is not considered. The
thickness Ahg of sedimentation is calculated such that the sedimentation ratio defined by Xiao and Suppe
[1992], rg = Ahg/(Adyy, siny), as the sedimentation increment to the hanging wall subsidence increment, is a
constant. Note that the rotation of the normal fault leads to the variation in sin(y) during extension and thus
Ahs is not a constant.

The consequence of selecting rg smaller than, equal to, or greater than 1 can be foreseen. A hanging wall
depression is formed when the sedimentation ratio rs is smaller than 1 with the consequence on the normal
fault rotation discussed above. For a ratio rg = 1, the original flat topography is preserved during extension.
A ratio rg >1 means that the elevation of the flat topography is increasing during extension.

The simulation with no fault weakening of Figure 8a is now repeated with a constant sedimentation ratio for
each simulation. This ratio rs varies from 0 to 1.4, and the final extensional displacement is Sf =1.1. Results
are presented in Figure 10 and the growth strata are represented by four black markers (one every §;/4). The
first observation is that an increase in the sedimentation rate reduces the counterclockwise rotation of the
normal fault and of its associated active axial surface. This is because sedimentation reduces the formation
of topographic gradients. As a consequence, at high sedimentation ratio, the FHW region may be very small
or may not occur at all. This effect is seen for rs > 1, in which the simulation results match the geometrical
models of Xiao and Suppe [1992]: the dips of the normal fault and of the active axial surface are constant, see
Figure S5 in the supporting information. Animations of the numerical experiments for r=0.0,0.6 and 1.4 are
also presented in the supporting information.

Our simulation results have four features similar to those of the geometrical constructions of Xiao and Suppe
[1992], Figure S5 in the supporting information. First, the thicknesses of the syntectonic sediments vary
between the footwall, the hanging wall, and the sliding wall, and those variations are similar in the geometrical
constructions and in our mechanical constructions. Second, the rollover is now composed of the pregrowth
material and new, syntectonic sediments (if rs > 0). Third, the top of the rollover, called the growth axial sur-
face [Xiao and Suppe, 1992] and labeled as such in Figure 10, indeed separates syntectonic sediments with
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I's = 0. I's = 0.8 growth axiz?l surface

Figure 10. Influence of an increase in the sedimentation ratio rs on the hanging wall deformation pattern. The
conditions are the same as in Figure 8a (no fault weakening). The cyan markers are pregrowth strata, whereas the black
markers correspond to the growth strata. The final displacement for all calculations is é; = 1.1. Vertical and horizontal
scales are equal.

or without shearing through the axial surfaces. Fourth, the dip of the growth axial surface increases with the
sedimentation ratio rs.

4.4. Combined Effects of Sedimentation and Fault Weakening

The objective is now to combine the effects of fault weakening and sedimentation to shed light on the hang-
ing wall deformation pattern. A ratio rs less than 1 is considered since for r; > 1 the deformation pattern is
relatively simple without rotation of the normal fault and of the active axial surface. An additional effect is
considered, the role of a local surficial mass redistribution. The sediment mass is either redistributed, such
that the topographic slope never exceeds the repose angle (equal to the bulk friction angle), or the sediments
have enough cohesion so that the fault offset of the topography is preserved.

Results presented in Figure 11 (left column) are for 2° fault weakening with surficial mass transport, whereas
those in Figure 11 (right column) ignore the effects of mass redistribution. We observe that sedimentation
efficiently stabilizes the rotation of the normal fault and of the active axial surface in the presence of weak-
ening (compare the results for rg = 0.8 in Figures 10 and 11). Increasing the sedimentation rate reduces the
number of blocks in the FHW region. There are two blocks for r; < 0.4 and only one block for rg = 0.6 for 2°
fault weakening. A comparison of the two columns of Figure 11 shows that the surficial mass transport has
similar effects to those of sedimentation: it reduces the rotation of the normal fault and of the active axial sur-
face and reduces the number of blocks within the FHW region. There is only one block for r¢ = 0.4, whereas
there are two blocks for the case without mass redistribution.
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Figure 11. Combined effects of sedimentation and of fault weakening (2°) on the hanging wall deformation pattern.
(left column) The oversteepened surface fails essentially by landsliding, erasing the fault scarp. The slope cannot exceed
the repose angle. (right column) The fault scarp is not modified. The final displacement for all calculations is 5 = 0.8.
Vertical and horizontal scales are equal.

Consider now the case of 7° weakening shown in Figure 12 and compare with the case of 2° fault weakening.
For larger weakening, the sedimentation effect on the rotation of faults is even stronger and is now effective
for rg > 0.6 instead of 0.8 previously. The earlier observation that large weakening reduces the number of
blocks in the FHW region is confirmed in the presence of sedimentation (r; > 0.4). Comparing now the two
columns of Figure 12, it is observed as before that the surficial mass transport is important for intermediate
sedimentation ratio around 0.4.

In summary, described with the sequential limit analysis, the collapse mechanism 4 (Figure 5b) links the dips
(v, 0) of the geometrical models of Xiao and Suppe [1992] to material and fault properties and to the topographic
evolution due either to sedimentation or surficial mass redistribution. In some cases, the classical assumption
of constant dips is confirmed by the optimization (important fault weakening and/or sedimentation), at the
Andersonian dip value of 61° (x /4 + ¢g/2). In the other cases, y and 6 evolve substantially, producing impor-
tant differences such as the FHW region with or without fault-bounded blocks, or smaller differences, such
as perturbations in the dips found in the rollover region. We now apply our new approach to examine the
formation of a natural sedimentary basin.

5. Application to Jeanne d’Arc Basin, Grand Banks, Newfoundland

This section is devoted to a parametric study of the mechanical properties and the field conditions (sedimen-
tation ratio rg) which might have prevailed during the development of a natural half-graben. The half-graben
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Figure 12. Combined effects of sedimentation and of fault weakening (7°) on the hanging wall deformation pattern.
(left column) Results with surface process (slope cannot exceed repose angle) for cohesionless materials. (right column)
Results that do not have the surface process. The final displacement for all calculations is §¢ = 0.8. Vertical and
horizontal scales are equal.

is located in the Jeanne d’Arc Basin, Grand Banks, Newfoundland. Its faults are imaged on a deep seismic
reflection profile 85-4A [Withjack and Callaway, 2000], presented by Keen et al. [1987] (Figure 13a3).

We selected this seismic section because it is perpendicular to the main fault (Enachescu [1987, 1988, 1992]
and Figure S6 of the supporting information). The overall fault structures look fairly simple over 200 km across
the basin, with only one single block in the hanging wall of a major fault, the Murre fault. These cross sections
are far from the fault ends (where complications would be expected). Furthermore, the fault trace in map view
is also fairly simple, roughly linear.

Withjack and Schlische [2005] have described the rifting evolution between North America and Africa includ-
ing the formation of the Jeanne d'Arc Basin. Withjack and Callaway [2000] have restored the deformations
recorded by the Lower and Middle Jurassic (Figures 13a1 and 13a2). Our objective is to apply the sequential
limit analysis with a simple prototype geometry and variable sedimentation rates so as to explain the pro-
posed restored deformations. As said above, the main fault of the basin is the Murre fault that bounds the
basin to the NW (Figure 13a3). The Murre fault roots in the Moho at 30 km depth [Keen et al., 1987]. We approx-
imate the Murre fault by a piecewise planar fault trace (Figure 13b), whose lower part dips by 18°, according
to Deemer et al., 2009 [their Figure 2], who inferred that angle from a migrated seismic reflection line near the
85-4A line of interest here. The dip of the segment CG (Figure 13c¢) is approximately 62° based on the seismic
data. The transition between the two planar parts of the Murre fault is chosen at the base of the tilted block
(BCG) seenin Figure 13a3 at 4.6 s. We estimate this depth at about 13 km below the current sea floor based on
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Figure 13. Cross section through the Southern Jeanne d’Arc Basin, Grand Banks, offshore Newfoundland [Withjack
and Callaway, 2000]. (a) The restorations to the Lower and Middle Jurassic and the interpretation of seismic section
85-4A. (b and c) The geometric idealization used in the limit analysis calculations. Properties of the bulk material, the
detachment, and the normal fault with weakening are characterized by the pressure ratio 4, and the friction angle ¢,
(with a = B, D, NFW, respectively). (d) The proposed sedimentation ratio rs is function of the fault displacement 5. The
optimized value is in red, and the interval of search is between brackets.

the seismic data of Deemer et al. [2009]. This defines the point G which is the root of the FHW structure that is
presented in Figures 13b and 13c. The top part (AG) of the Murre fault intersects the Cenomanian unconfor-
mity at 11 km from the apex of the G point (distance between A and G’). The initial position of the normal fault
corresponds to segment CG, and its position with respect to the Murre fault is based on a 4.5 km estimate of
the segment AC’ length. Segment BC, assumed horizontal, is 3 km long. The total displacement which takes
place on both faults (AB and CG) is the sum of their offsets, estimated at 14 km.

Material properties used for this prototype are summarized in Table 2. The bulk friction angle is set to a con-
stant value of 35°, a typical value for crustal rocks. The weakening of the normal faults is assumed to be in
the range 1°-15° (a range sufficiently large to reproduce the size of the tilted block BCG, according to the
parametric studies presented earlier). We consider no fluid overpressure except in the lower part of the Murre
fault where the overpressure ratio is set to 0.2 and the friction angle to 10°. The change of overpressure ratio
with depth is made to satisfy the observation that the crust is overpressured at depth but not at shallower
levels [Suppe, 2014]. Note that these two values were selected because we also account for the possibility of
a major normal fault cutting the whole crust from the Moho in the SE (equivalent to collapse mechanism 2 in
Figure 1a). Setting a higher friction angle, or a lesser overpressure, would make it unlikely for the Murre fault to
slip at all. The justification of this is presented with the extensional CCW theory in Figure 6b. Another assump-
tion in our prototype is the evolution of the ratio rg of sedimentation rate to extension rate. We assume here,
for simplicity, that this ratio is constant (rs;) for an extension up to 6. and then it increases linearly to reach
rs, at the final extension 6 =14 km (Figure 13d). We expect rg; less than 1 to create a topographic depression
responsible for the formation of the FHW region and rg, greater than 1 to fill up the basin.

The sequential limit analysis method provides a forward scenario for any given set of parameters. The optimal
simulation results should reproduce four major features of the fault system observed on the cross section of
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Figure 14. Four steps of the simulation that best fits the four requirements: the order of activation of the bounding
faults, the dip of the NW bounding fault, the thickness of the tilted block, and the ratio of offsets on the two bounding
faults. Vertical and horizontal scales are equal.

Withjack and Callaway [2000]. First, the fault CG was active first and then the Murre fault AG to the NW. Second,
the segment BC should be 3 km long (Figure 13c). Third, the relative amounts of offset on faults AB and CG,
should be, respectively, two thirds and one third, as estimated from Figure 13a3. Lastly, the calculated dip of
the Murre fault should be such that the fault intersects the surface at approximately 11 km to the NW of the
apex of point G.

Our prototype contains many approximations and the following list is certainly far from being complete. We
assume a single, continuous extensional tectonic phase. The sediments are considered to be frictional, not
compacted and not viscous despite the presence of evaporites in the deformed region and of salt in the
hanging wall. Thus, the deformation responsible for the Cormorant anticline is not reproduced. Furthermore,
the antithetic faults most likely controlling the position of this anticline are not accounted for in our collapse
mechanism. They are replaced at best by axial surfaces with zero offset by definition. Additionally, the model
does not consider the block rotation due to the listric shape of the Murre fault. Finally, the history of the sed-
imentation rate ratio that we adopt is ad hoc. We chose this evolution of the sedimentation ratio with a low
constant value switching to a linear increase in order to reproduce first the genesis of the two bounding faults
and then the filling up of the basin as seen in the present situation.

The parametric study involves four parameters: rg;, Is,, 6., and the fault friction angle @y, . The intervals of
search are, respectively, [0.2; 0.6], [1.0; 6.0], [4.8; 9.8] km, and [20°; 34°]. A number of values tested in each
range are, respectively, 5, 6, 4, and 15, requiring a total of 1800 simulations. Some simulation results are
presented in the supporting information from Figures S7-512. In 95% of the cases, the basin is not filled up
at the end of the simulation. Among the 90 remaining cases, we eliminated those with more than one tilted
block. We choose to present the simulation that reproduces best the four features discussed above (Figure 14).
It was obtained with rg; = 0.4,rg;, = 5.0,6, = 8.1 km, and gy = 25°.

Our simulation results (numbered 1 to 4 in Figure 14 and denoted YML1 to YML4) and the three sketches in
Figure 13a denoted WiCa1 to WiCa3 are now compared. The initial extension occurs most likely in the Upper
Triassic, and the normal fault has not yet rotated after a displacement of 5.9 km. The sedimentation rate then
starts to increase after a displacement of 8.1 km before the Murre bounding faultis activated at a displacement
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of 8.5 km, Figure 14. This activation should occur in the Lower Jurassic such that YML2 corresponds to WiCa1.
In the Middle Jurassic, the sedimentation is above the FHW region as seen on YML3 and WiCa2. The sedimen-
tation ratio continues to increase, and the results in YML4 resemble the interpretation in WiCa3, and this is the
objective of the whole exercise.

One point deserves some comments. The WaCa2 sketch is not entirely consistent with YML2 predictions: sig-
nificant subsidence of the depocenter is required to change the activation from the SE of the Murre bounding
fault, whereas the proposed restoration WiCa2 considers a filled basin with a flat topography at this time. Our
proposed subsidence of the topography in YML2 is about 2.5 km. It is mechanically possible for a material
with a cohesion of the order of 10 MPa but is not realistic considering the field observations. The depres-
sion depth could be reduced if the growth sediments have a lower density than that of pregrowth sediments
(there is lighter salt, for example). The introduction of surface erosion presented in the previous section will
not change the main predictions, and thus, we keep with a more probable seafloor geometry at that time.
However, the fault offset is preserved in WiCa2 because of the sedimentation, and thus, this surface process
is most unlikely to occur.

6. Conclusion

The sequential limit analysis has been applied to capture the 2-D evolution of deformation associated with
normal faulting in a tectonic extensional context. This method provides simple means to combine mechanics
with a geometrical construction of the geological structure [Suppe, 1983]. The half-graben geometrical con-
struction proposed by Groshong [1989] defines, in its incremental form, a collapse mechanism appropriate for
limit analysis. The method consists of a two-step scheme at each extensional increment. In the first step, the
main features of the collapse mechanism (dips of the normal fault and of the axial surface, and position of
their common root) are determined according to the kinematic approach of limit analysis [Yuan et al., 2015]. In
the second step, the geometry of the structure is updated according to the half-graben kinematics [Xiao and
Suppe, 1992]. The method can be applied to real topographic profiles. It accounts for material weakening on
normal faults, erosion and sedimentation processes, and fluid overpressure. The materials are assumed fric-
tional and cohesive. Elastic or viscous strains are disregarded. The calculations are semianalytical, requiring
only a discretization of the topography and moderate numerical implementation.

The sequential limit analysis approach was applied to a wedge of material with a horizontal topography rest-
ing on a planar inclined detachment ending with a vertical back wall on its deep side. The retreat of the back
wall leads either to a tectonic extensional collapse or to a gravitational collapse [Yuan et al., 2015]. During tec-
tonic collapse, the whole topography is modified to attain a new critical shape well predicted by the Critical
Coulomb Wedge (CCW) theory [Xiao et al., 1991], and such that the whole wedge slides on the detachment
fault without further internal deformation. During gravitational collapse, the back wall separates from the
wedge, which develops a secondary landward, topographic slope well predicted by Dahlen [1984]. Increasing
the detachment overpressure ratio leads to a transition from a gravitational collapse to a tectonic extensional
collapse. The observed surface slopes of the wedge once stable with fluid overpressure on the detachment
are well reproduced by the exact CCW theory [Yuan et al., 2015]. The internal deformation bringing the wedge
to a stable state is organized in a series of half-grabens. The distribution and positions of the half-graben roots
on the detachment during extension have a pattern reminiscent of the findings of Mary et al. [2013a, 2013b]
in a compressive context.

We considered next the deformation of the cover above a blind detachment fault during extension. The nor-
mal fault and the associated active axial surface rotate progressively with applied slip on the detachment.
The continuous rotation of the normal fault creates a zone of intense shear of material which passes from
the footwall to the hanging wall (FHW region). The rotation of the active axial surface perturbs the folding
in the rollover. Fault weakening renders the rotation discontinuous, and the FHW regions are now contain-
ing fault-bounded blocks. The formation of FHW regions and their blocky internal structure is observed, at
least in analogue experiments using sand [Dahl, 1987; Egholm et al., 2007]. Sedimentation reduces the rota-
tions of the normal fault and of the active axial surface, probably because it compensates the subsidence of
the hanging wall. There is thus a competition between fault weakening and sedimentation effects in terms
of numbers of blocks found in the FHW regions. The sedimentation ratio (defined as the sedimentation rate
divided by the vertical component of the slip rate on the normal fault) has to be smaller than 0.6 for the FHW
to be observed, and the frictional weakening should not exceed 2° to find at least two blocks in the FHW.
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The field application concerns the Southern Jeanne d’Arc Basin, Grand Banks, offshore Newfoundland. We
focus on the interpretation of Withjack and Callaway [2000] of the seismic line 85-4A and on their proposed
restoration. The main structural feature of the interpretation is a FHW region composed of a single block.
This requires fault weakening and topographic subsidence in the early part of the rifting. Sedimentation is
clearly observed and is accounted for by increasing linearly the sedimentation ratio after an early period at
a small constant value. Fault friction and sedimentation parameters are optimized after multiple sequential
limit analysis calculations with the objective of matching several features: the timing of the FHW bounding
faults, their positions and dips, and the ratio of displacement on the two bounding faults. This inverse-like
approach leads us to the conclusion that a deep graben developed in the Lower Jurassic, a conclusion that
could be argued by sedimentologists.

Application of sequential limit analysis to regions of normal faulting could be improved in at least three ways.
First, normal faults are commonly listric and they were here approximated as bilinear. The listricity of a fault
results either from a deformation of the footwall [Martel, 2004; Grasemann et al., 2005], a gradual growth dur-
ing sedimentation, or a change with depth of the fluid pressure conditions [Mand! and Crans, 1981]. Second,
the half-graben geometry has to be complemented to capture the antithetic faults which are important for oil
industry applications as in the Jeanne d’Arc Basin. Third, the ductile response of shales and evaporites should
be accounted for, as indicated by laboratory experiments [Withjack et al., 1995; Withjack and Callaway, 20001,
a difficult task in the framework of limit analysis.
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