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Abstract The variety in fault geometry, fault interaction style, and evolution of the fault network above a
weak planar preexisting fault as a result of a change in the strike angle (@) of the preexisting fault relative
to the extension direction is investigated using three-dimensional discrete element modeling. The
preexisting fault shows three reactivation modes: (i) full reactivation (a > 60°), (ii) partial reactivation (o = 45°),
and (iii) little or no reactivation (a = 30°). A fully reactivated fault decreases the density, affects the orientation,
and enhances the length and displacement of adjacent new faults. A partially reactivated fault generates
some isolated fault segments along strike and also influences fault orientation. However, when the
preexisting fault is not reactivated, its presence has little effect on the growth of new faults. Our study
confirms that the reactivation pattern of a preexisting fault and its influence on new fault growth varies with
its strike angle relative to the extension direction. It also demonstrates how a preexisting fault influences
adjacent fault geometry and the fault network by changing the density, orientation, length, and
displacement of newly formed faults. The work impacts understanding three-dimensional fault geometries,
the distribution, and evolution of fault networks in rift basins affected by preexisting faults and on predicting
the extension direction of renewed rifting.

1. Introduction

The reactivation of preexisting faults or structures and their effect on the development of newly formed nor-
mal faults has been noticed in a number of rift basins, such as the NW Shelf of Australia (e.g., Frankowicz &
Mcclay, 2010), Gulf of Thailand (e.g., Morley et al.,, 2007, 2004), Gulf of Aden (e.g., Bellahsen et al., 2006;
Lepvrier et al.,, 2002), Northern North Sea (e.g., Badley et al.,, 1988; Deng, Fossen, et al., 2017; Duffy et al,,
2015; Feerseth, 1996; Faerseth et al.,, 1997; Fazlikhani et al.,, 2017; Odinsen et al., 2000; Whipp et al., 2014),
East African Rift (Corti, 2009; Le Turdu et al., 1999; Lezzar et al., 2002; Muirhead & Kattenhorn, 2017), and
Milne Point, Alaska (e.g., Nixon et al., 2014). Some studies have shown that reactivated preexisting faults inter-
acted with, and intersected, newly formed faults during a subsequent phase of extension, creating noncol-
linear fault geometries (e.g., Deng, Fossen, et al., 2017; Duffy et al., 2015; Nixon et al,, 2014). In contrast,
other studies have observed that preexisting faults or structures remained inactive and were offset by newly
formed faults during a later rift phase (e.g., Claringbould et al., 2017; Faerseth et al., 1997; Feerseth & Ravnas,
1998; Fazlikhani et al., 2017; Phillips et al., 2016; Tomasso et al., 2008). A question raised by these observations
is to what extent reactivation during secondary rifting is controlled by the strike orientation of the preexisting
fault relative to the new extension direction.

Previous studies indicate that the reactivation of preexisting faults depends on their relative strength with
respect to the host rock (e.g., Bellahsen & Daniel, 2005; Dubois et al., 2002; Etheridge, 1986; Ranalli & Yin,
1990). Some studies also suggest that the orientation of preexisting faults relative to the extension direction
significantly influences the likelihood of reactivation during a secondary extension phase (e.g., Bonini et al.,
1997; Fazlikhani et al, 2017; Henza et al, 2010, 2011; Keep & McClay, 1997; Phillips et al, 2016).
Furthermore, the minimum dip of reactivated preexisting faults is controlled by the internal friction coeffi-
cient of rocks (e.g., Huyghe & Mugnier, 1992; Krantz, 1991; Sibson, 1985). Questions remain, however,
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about the influence of the strike orientation of a preexisting fault on its reactivation potential and on the evo-
lution of a nearby fault network in three dimensions. For instance, how does a preexisting fault reactivate and
grow in three dimensions during a later extension phase? How variable is the reactivation pattern of a pre-
existing fault with changing strikes, and what is its effect on the spatial and temporal evolution of adjacent
faults during extension?

In this work we use numerical methods to investigate the three-dimensional geometry and evolution of a
weak planar preexisting fault and its influence on the nearby fault network during extension, based on a
few chosen orientations of the preexisting fault relative to the extension direction. A related recent study uses
discrete element modeling (DEM) to investigate fault geometry and evolution in three dimensions during
extension (Finch & Gawthorpe, 2017). The aim of this study is to better understand the influence of the orien-
tation of a weak planar preexisting fault on the nearby fault network in three dimensions. The results provide
insights into three-dimensional fault geometries, the distribution and evolution of fault networks in rift basins
affected by preexisting faults, and some generic examples for interpreting fault growth history, fault interac-
tion styles, and associated extension directions in rifts.

2. Methodology
2.1. Discrete Element Model

DEM was first used to study rock failure and soil mechanism (e.g., Bardet & Proubet, 1992; Cundall, 1971; Cundall
& Strack, 1979; Kuhn, 1999; Mora & Place, 1993). Further improvement was successfully applied to investigate
the development of structural features, such as the growth of normal faults (e.g., Egholm et al.,, 2007; Finch &
Gawthorpe, 2017; Hardy, 2013; Hardy & Finch, 2006, 2007; Imber et al., 2004; Schopfer et al., 2006, 20073,
2007b), folding (Finch et al., 2003, 2004; Hardy & Finch, 2005), boudinage (Komorodczi et al., 2013), and con-
tractional wedges in mechanical stratigraphy (Wenk & Huhn, 2013). In this discrete element model, the crust
is treated as an assembly of spherical elements that interact in pairs through bonds (e.g., Cundall & Strack,
1979; Mora & Place, 1993, 1994; Figures 1a and 1b). In the upper crust, a bond between neighboring elements
(element i and neighbor j) deforms in a brittle manner (Mora & Place, 1993; Figure 1b). The elastic force in a
bond follows

K(r —ro),r < rp,intact bond
Fiju = < K(r —ro),r < ro,broken bond (1)
0, r>rq, broken bond

Kis the bond stiffness (elastic constant), r, is the equilibrium separation, r,, is the breaking separation, and r is
the current separation between element pairs. An attractive force is exerted on neighboring elements
through an intact bond; that is, r < r, and is removed if a bond is broken; that is, r > r,,. Once broken, a bond
is not allowed to heal, leaving neighboring elements to interact only through a repulsive force when they
return to a compressive contact; that is, r < ro.

In the lower crust, elements deform in a ductile way and interact through linear firmoviscous (Newtonian

fluid) forces, representing a firmoviscous body (Ranalli, 1995). The forces consist of two components in par-

allel: an elastic force and a viscous force (Figure 1b). The component of the elastic force exists only when

neighboring elements are in a compressive contact; that is, r < ry, similar to the upper crust, being

Fipic = { elrrohr < @
0, r>rp

K. is the bond stiffness. The component of viscous force is

viscous
F il

= nAX; (3)
Here 7 is the Kelvin viscosity and determined through empirical tests and Ax; is the relative velocity between
element i and neighbor j. Due to the viscous nature of the material, elements in the lower crust may flow out
of the model boundaries under gravitational loading. Thus, a repulsive force is implemented by introducing
vertical boundary walls in the x and y component directions, which prevents elements exceeding the
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Figure 1. Discrete element modeling. (a) A modeling example of normal faults developing in extensional setting. The mul-
tilayers represent the upper crust, and the 15-km-thick bottom layer represents the lower crust. (b) Sketch of the forces
within the upper and lower crust and their rheological response. In the upper crust, a bond breaks when stress reaches the
breaking threshold. In the lower crust, strain increases with time under a load and decreases slowly when the load is
removed at time t;.

boundary. This simulates that the model exists within a larger system of elements with similar interaction
properties. The force due to the boundary walls, F;, is given by

Fig = —Kpgrg (4)

Kz is the elastic stiffness of boundary walls and rg is the distance by which an element exceeds the boundary
(Wenk & Huhn, 2013).

To include a flexural response to loading through gravity, the elastic-brittle-plastic crust floats hydrostatically
on a fluid mantle at a specific depth that depends on relative ratios of mantle and crust densities, which main-
tains the model in a hydrostatic equilibrium (King et al., 1988). Therefore, all elements experience an addi-
tional force, Fis, due to gravity and flotation in the vertical, z component direction, which follows,

Fic = g[(pm _pc)VB _pcVA] 5)

Here g is the gravitational acceleration, p,, is the mantle density, p. is the crust density, and V, and Vg are the
volume of an element above and below the hydrostatic equilibrium, respectively.

As a model runs, kinetic energy will build up within the closed system because of dynamic phenomena such
as reflected waves from the boundaries of the model (Donzé et al., 1994; Mora & Place, 1994, 1998). To keep
the system less dynamic and more quasi-static, a damping force, Fip, is applied, allowing energy to be dissi-
pated (Donzé et al., 1994; Mora & Place, 1994, 1998). The damping force is

F iD= VAX,J (6)

Here v is the dynamic viscosity, and Ax; is the relative velocity between elements. The value of the dynamic
viscosity should be sufficiently small so that it will not modify the fundamental dynamics along faults and also
be large enough to attenuate boundary reflections (Mora & Place, 1994).

Shear forces between elements are not considered in the model. Nevertheless, previous DEM studies have
proven that realistic crustal deformation, such as the frictional stick-slip instability and normal faulting in
mechanical stratigraphy can be successfully simulated in frictionless rock mass (e.g., Donzé et al.,, 1994;
Finch et al., 2003, 2004; Hardy & Finch, 2007; Mora & Place, 1994, 1998). In addition, no consideration of fric-
tion reduces computation time. Therefore, the total force exerted on an element, i, in the upper crust is

Fi® = Fju+Fis+Fig + Fip )
j=1.n
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Figure 2. Cartoon of the three-layer model applied in this work. The upper and middle layers represent the upper crust,
and the lower layer the firmoviscous lower crust. Marker horizons for discussion in the text are placed in the middle of
the upper layer (A), at the interface between the upper and lower layers (B), and in the middle of the layer containing
the preexisting weakness (C). The middle figure shows the middle layer with the location of the preexisting weakness. The
lower table lists the four models with variable strike angles (o) of the preexisting weakness relative to the extension
direction. The right cartoon shows the potential fault orientations that would be expected within the model owing to the
hexagonal packing of the elements.

And the total force exerts on an element, i, in the lower crust is

F;Ilotal — Z <Fiej|LaStiC + F};iLscous> +Fg+Fig+ Fip (8)

j=1.n

Here n is the number of neighbors.

Extension of the crust is simulated by moving a rigid boundary wall (i.e., in the y component direction) in
small increments over time, while the opposite wall is fixed. To maintain the boundary walls, elements at
the extreme boundaries are constrained within the x component direction but are free to move in the y
and z component directions. Calculations are carried out incrementally. At each time step, elements are mov-
ing to their new positions in the extension direction within the model, obeying equations of motion following
Newtonian physics (Hardy & Finch, 2006). The new location of elements follows

Yi(t) )
Yi(t4+1) =Y(t) + AY 9)
(e 1) =it -+ ar (20
Y; (t + 1) and Y; (t) are element locations at time steps t + 1 and t, respectively, 2Y is the extension
increment per time step, and Yax (t) is the maximum length of the model in the extension direction at time
step t.

Finite element modeling applied to investigate lithosphere-scale extension and rift evolution using thermo-
mechanically coupled rheology noted the effect of temperature variations on structural styles in rifts (Behn
et al., 2002; Cowie et al., 2005; Huismans & Beaumont, 2007). Cowie et al. (2005) suggested that basin-scale
patterns of faulting are sensitive to the imposed thermal structure and horizontal strain rate. In our models,
we do not consider the effect of temperature variations. We focus, however, on faults in the uppermost crust
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Table 1

Rock Parameters Used for Each Layer in the Model

Upper crust

Rock parameters Upper layer Middle layer Preexisting weakness Lower crust
Element property Elastic constant (K/K¢) 10x 10" 10x 10" 10x 10" 10x10'°
Kelvin viscosity (1) 20x10"" Pas
Breaking threshold (rp) 0.025-0.1 m.u. 0.05-0.1 m.u. 0.005-0.01 m.u.
Bond strength 2.5-10 GPa 5-10 GPa 0.5-1 GPa
Assembly property Poisson'’s ratio 0.25 0.25
Young's modulus (E) 108 GPa 108 GPa

Note. Properties assigned to elements within the models dependent on layer (where m.u. represents model units). The value of bond strength is applied randomly
at the beginning of the experiment to avoid preferentially oriented weakness in the models and is constant across the four models. Assembly property is the
scaled macroscopic elastic property based on elastic constant of elements.

at a smaller scale than the aforementioned workers and consider that the influence of thermal variations in
the crust is less significant at this scale.

2.2. Experiment Setup

Our model setup is a regular hexagonal packing of elements totaling 1,830,000. Each element is ~173 m in
radius, which equals one model unit, and the model has initial dimensions of 213 x 201 x 173 (x,y,z2) model
units (m.u.) or 37 x 35 x 30 km (Figure 2). There is no inherent plane of weakness perpendicular to the exten-
sion direction due to the hexagonal packing of the media; therefore, faults opening in a N-S orientation are
controlled by local stresses. The curvilinear nature of some fault paths in map view, however, may be
controlled by the hexagonal packing of the elements and lead to 60° switching of fault strikes (Figures 1a
and 2). For analysis purpose, the initial media is defined as 173 horizons. The model consists of three layers
defined as lower, middle, and upper. The lower layer (15-km thick) represents the lower crust (Figure 2),
the middle layer (7.5-km thick) represents basement, including a preexisting planar weakness whose tips ter-
minate at the interface with the lower and upper layers (Figure 2). The upper layer (7.5-km thick) is considered
to represent undeformed sediments overlying the preexisting weakness, without preferentially oriented
weaknesses, and is defined to be thick enough to study the vertical growth pattern of faults. The physical
parameters of each layer are shown in Table 1 and are chosen to be comparable to many natural examples
and experiments scaled for investigation of rift basins (e.g., Place & Mora, 2001). In addition, the crust and
mantle densities are 2,800 and 3,300 kg/m?>, respectively.

Four models are established to study variability in the influence of a preexisting fault on normal fault growth
during extension due to a change in the strike angle () relative to the extension direction. In each model, the
preexisting planar weakness is 20-km long, and its strike angle (o) relative to the extension direction ranges
from 30° to 90° with a constant dip (8) is 60° (Figure 2). The length of the weakness is comparable to the nat-
ural examples of pre-Triassic faults reactivated during Middle-Late Jurassic in the northern North Sea rift
(Whipp et al., 2014).

Extension is toward the east, in the y component direction within the model, while the western boundary wall
is fixed (Figure 1a). The total run time is 50,000 time steps with a total extension of 25%, corresponding to an
extension rate of 0.001 model units per time step. A time step equals 100 years, so the total run time is 5 Myr,
which is within the general duration for a natural rift basin, being 1-15 Myr (Nicol et al., 1997). The extension
rate equals 1.73 mm/year, corresponding to strain rates that vary from 1.585 x 107" s "t01.288x107 %57,
which are within the range of recorded strain rates in rift basins, being 1.0 x 10~ "¢ t0 4.0 x 10~ s~ (Kusznir
& Park, 1987; Nicol et al., 1997).

2.3. Fault Analysis

At each time step, the horizontal and vertical offset between an element pair are stored. An individual fault is
defined as a continuous alignment of elements that have similar dipping directions (westward or eastward),
heaves (horizontal offset between element pairs in the extension direction) exceeding 50 m and positive
throws (vertical offset). The value of heave is determined by testing to ensure that a defined fault excludes
elements displaced by flexural rotation of horizons in hanging walls and footwalls (Finch & Gawthorpe,
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Figure 3. Fault geometry of Model 1. Faults observed relative to Horizon A (a) and Horizon B (b) at the final stage of exten-
sion (25%). West dipping faults are colored black, while east dipping faults are gray. (c) The throw projection on the fault
plane related to the reactivated preexisting weakness (highlighted by the black dotted line) and nearby new faults, as
viewed from the west, and relative to Horizon B at the interface between the upper and middle layers. (d) Plot of displa-
cement maximum (Dp,ay) against fault length (L) on Horizon B at 25% extension.

2017). Elements defining an individual fault are then extracted and visualized in Petrel, permitting analysis of
fault geometry, interaction style, and their evolution in three dimensions.

Horizons from the middle (Horizon A [layer 153]) and base (Horizon B [layer 133]) of the upper layer and the
middle (Horizon C [layer 113]) of the middle layer containing the preexisting weakness combined with fault
traces are used to analyze fault length and strike in map view (Figure 2). In addition, throws recorded from
elements constituting a fault are projected onto the strike section of the fault, from where throw variations
are used to analyze fault growth history. Throw distribution is also used to investigate fault interaction styles
in three dimensions. The value of displacement maximum (Dp.) is approximated by the equation
Dimax = 2 X Trnax/ V/3, Where Ty is the throw maximum, assuming faults dip at ~60° in general. Fault length
(L) is the horizontal distance from the element with the maximum x value to that with the minimum x
value along the strike.

3. Modeling Result

We divide the models into three sets according to the extent of reactivation of the preexisting weakness at
25% extension: (i) full reactivation, occurring in Models 1 and 2 (« = 90° and 60°); (ii) partial reactivation, repre-
sented by Model 3 (& = 45°); and (iii) little or no reactivation, Model 4 (« = 30°). The following sections describe
each set of models, with a focus on differences in reactivation mode of the preexisting weakness and the
resulting fault network in three dimensions, where the final fault geometries are presented before the fault
network evolution.

3.1. Models 1 and 2: Full Reactivation

In Models 1 and 2, the preexisting weakness dips () at 60° and makes a strike angle (o) of 90° and 60° to the
extension direction, respectively (Figure 2).
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Figure 4. Fault geometry of Model 2. Faults observed relative to Horizon A (a) and Horizon B (b) at the final stage of exten-
sion (25%). West dipping faults are colored black, while east dipping faults are gray. (c) The throw projection on the fault
plane related to the reactivated preexisting weakness (highlighted by the black dotted line) and nearby new faults, as
viewed from the southwest, and relative to Horizon B at the interface between the upper and middle layers. (d) Plot of
displacement maximum (Dpax) against fault length (L) on Horizon B at 25% extension.

3.1.1. Final Fault Geometry

At 25% extension, the preexisting weakness in both models is fully reactivated, reaching a fault length of
>20 km and generating a system of fringes (F1a-F1f in Figure 3 and F2a-F2f in Figure 4) in the cover. In addi-
tion, numerous smaller (<10-km long) extension-perpendicular faults dipping at ~60° develop away from the
reactivated preexisting weakness, which show a characteristic curvilinear fault path related to the hexagonal
packing of elements (Figures 3 and 4). However, the wavelength of the curvilinear path is limited (<2 km)
compared to fault length.

In Model 1, fault F1 is 25-28 km in length and Dy, = 2,000 m and is related to reactivation of the preexisting
weakness (Figure 3c). Dynax Of fault F1 occurs on the preexisting weakness (segment F1a) in the middle layer,
from where displacement decreases radially (Figure 3d). In addition, a rectangular strain shadow zone (~25-km
long and ~10-km wide), where few faults develop, exists symmetrically in the hanging wall and footwall of
fault F1 at the base of the upper layer (Figure 3b). The upper part of fault F1 is composed of five 4- to 6-km-
long fringes (F1b-F1f) separated by displacement deficits or minima along strike (Figure 3c). In map view,
these fringes distribute in echelon pattern in the middle of the upper layer (Figure 3a). These observations
suggest that the upper part of fault F1 forms by lateral linkage of several initial segments. Shorter (<10-km
long) N-S striking faults also occur, oriented perpendicular to the extension direction, and dipping at ~60°.

In Model 2, fault F2 associated with the reactivation of the preexisting weakness is also 25-28 km in length
with @ Dpax of ~2,000 m (Figure 4c). In the middle layer, fault F2 consists of a NNW-SSE striking segment
(F2a) and a subsidiary N-S striking tail segment (F2b; Figure 4b). Also, its displacement decreases gradually
from the major segment, F2a, toward its tips (Figure 4c). The upper tip line of the NNW-SSE striking segment
is featured by a few sawtooth fringes in the upper layer. In addition, a twisting fault develops on top of each
sawtooth fringe (e.g., F2c-F2f in Figure 4a). For example, fault segment F2e shows varying strike directions
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Figure 5. The 3-D representation of the reactivated preexisting weakness and its
surrounding faults in Model 1 at four consecutive stages during extension
viewed from the west at (a) 10%, (b) 15%, (c) 20%, and (d) 25% extension. The
dotted black outline represents F1a, the preexisting weakness in Model 1.
Horizon B, indicating the uppermost extent of the preexisting weakness, is
included to aid visualization. The color bar represents fault throw in meters.

from N-S to NNW-SSE and then back to N-S (Figure 4a). Similar to Model
1, a rectangular and symmetric strain shadow zone (~25-km long and
~10-km wide) exists in the hanging wall and footwall of the reactivated
fault (Figure 4b). Within the strain shadow zone, some newly developed
faults strike at a high angle (>60°) to the major fault segment, F2a,
forming a fault splay (e.g., F2g in Figure 4c). Hence, the reactivated
fault in Model 2 has caused a change in the orientation of adjacent
new faults from orthogonal to the extension direction to a high angle
to the reactivated fault, with distances of up to 5 km away from the
fault plane.

3.1.2. Fault Evolution

Between 0% and 10% extension, fault segments nucleate at various
locations and depths in Models 1 and 2 (Figures 5a and 6a). Initially,
fault segments F1a and F2a, relate to the reactivated preexisting weak-
ness, both reach ~20 km in length in the middle layer, with D2 & 30 m
(Figures 5a and 6a). No clear throw maximum is observed. The upper
tip of F1a and F2a lies close to the top of the preexisting weakness, with
one or more sawtooth fringes (Figure 5a). The lower tips do not extend
to the bottom of the preexisting weakness. Other fault segments
(F1b-F1f and F2b-F2f) are 2- to 5-km long in the upper layer, make a
high angle to the extension direction and dip at 60° (Figures 5a, 6a,
and 7a-7d), with Dy,ax of ~30 m (Figures 5a and 6a). Hence, 50-80%
of the preexisting weakness is reactivated at 10% extension. The preex-
isting fault is fully reactivated but with a relatively small Dp,ay. The saw-
tooth fringes indicate that the reactivated portion of the preexisting
weakness propagates upward faster at these locations. We suggest that
this style of upward propagation is associated with heterogeneity in
bond strength within the upper layer, which causes strain localization
on certain locations of weak bonds above the reactivated fault.

Between 10% and 15% extension, the length of fault segments F1a and
F2a increases from ~20 to ~23 km and Dyy,ax from ~30 to ~200 m. The
sawtooth fringes propagate ~2 km into the upper layer, and the
lower tip propagates closer to the base of the preexisting weakness
(Figures 5b and 6b). As strain accumulates, a long and narrow (~23-
km long and ~3-km wide) half-graben starts to develop in the hanging
wall of F1a and F2a at the bottom of the upper layer (Figures 7f and 7h).
Meanwhile, a rectangular strain shadow zone where few faults develop
forms up to 5 km away from the plane of fault segment F2a, and faults in
the strain shadow zone strike at a high angle to it (Figure 7h). Extension-
perpendicular fault segments also increase their length from 2-5 to
5-8 km (Figures 7e and 7g) and D,y increases from ~30 to ~100 m
(Figures 5b and 6b). Their lower tips propagate closer to the upper tips
of F1aand F2a (e.g., F1e in Figure 5b). In addition, some of them link lat-
erally or vertically (e.g., F1e and F1f in Figures 5b). Hence, this stage is
mainly characterized by radial propagation of fault segments, and the
reactivated fault starts to accommodate greater displacement than
extension-perpendicular fault segments owing to its larger fault plane.
In addition, the reactivated fault starts to exert an effect on the number
and orientation of fault segments developing locally.

Between 15% and 20% extension, fault segments F1a and F2a increase their length from ~23 to ~26 km, Dpax
increases from ~200 to ~500 m, and their hanging-wall half-grabens (light purple color, ~ — 250-m elevation
in Figures 7j and 71) become more pronounced than other half-grabens in the models. The sawtooth fringes
continue to grow upward and start to link vertically with extension-perpendicular fault segments (e.g., the
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Figure 6. The 3-D representation of the reactivated preexisting weakness and its surrounding faults in Model 2 at four
consecutive stages during extension viewed from the southwest at: (a) 10%, (b) 15%, (c) 20%, and (d) 25% extension.
The dotted black outline represents F2a, the preexisting weakness in Model 2. Horizon B, indicating the uppermost extent
of the preexisting weakness, is included to aid visualization. The color bar represents fault throw in meters.

linkage between F1a and F1e in Figure 5c¢). In addition, some small-scale half-grabens evolve in the hanging
wall of fault segments F1b-F1f and F2b-F2f (light blue color, ~—150-m elevation in Figures 7i and 7k). This
stage is characterized by further radial propagation of fault segments and linkage between the reactivated
fault and extension-perpendicular fault segments.

Between 20% and 25% extension, fault segments F1a and F1b—F1f link to form a continuous fault system F1
(Figure 5d). Dynax Of the fault system F1 is still located at the preexisting weakness, with some displacement
minima existing at points of lateral linkage between fault segments F1b-F1f in the upper layer (Figure 5d).
In contrast, the areas of vertical linkage have a greater displacement than the original cores of these segments
(Figure 5d). In Model 2, similar characteristic of displacement distribution is observed on fault F2. In addition,
linkage between the sawtooth fringes of F2a and new fault segments create twisting fault geometries in three
dimensions (e.g., F2e in Figures 6d and 70, see also Figure 8 in Deng, Gawthorpe, et al., 2017). Hence, linkage
between the reactivated fault and extension-perpendicular fault segments is more significant during this
stage. Following linkage, the original displacement maximum at the center of extension-perpendicular fault
segments is overprinted, owing to the dominance of the reactivated fault. In addition, linkage between the
reactivated fault oblique to the extension direction and extension-perpendicular fault sesgments forms a non-
planar fault that is locally twisted into a NNW-SSW trend corresponding to the preexisting fault.

3.2. Model 3: Partial Reactivation

Here, the preexisting weakness has a strike angle (a) of 45° relative to the extension direction and is dipping
(B) at 60° (Figure 2).

DENG ET AL.

2229



~1
AGU

100 Tectonics 10.1029/2017TC004776

ADVANCING EARTH
AN SPACE SCIENCE

10% extension 15% extension 20% extension 25% extension
a)F AT r 1 § 73 3 :{m‘z\; % ;3

<
[
o
N
-
o

~|T

o

[(e]

1l

(a0 N

o

»

1

S

-

)

©

[e]

=
m
C
o
N
—
o
T
<
[
o
N
-

—~| ©

ol I

o

11

o

o

©

1

S

N

o)

e]

[e]

=
m
[
o
N
—
o
T
-400 0 )

Relative elevation (m)

Figure 7. (a—p) Surface maps of Horizons A and B in Models 1 and 2 at 10%, 15%, 20%, and 25% extension. Black lines show
west dipping faults, while gray lines show east dipping faults. The white dashed lines in (a)-(d) represent the length and
orientation of the preexisting weakness. The color bar represents relative elevation.

DENG ET AL. 2230



AAAAAAAAAAAAAA
'AND SPACESCIENCE.

Tectonics 10.1029/2017TC004776

Model 3 (a=45° 3=60°")

(a) Extension —

P VY I S S S S FE—— *“

(b)

Ré\lative
ele\?@tion 0

(m)
\

S 110 100
4 Length (km)

Figure 8. Fault geometry of Model 3. Faults observed relative to Horizon B (a) and Horizon C (b) at the final stage of exten-
sion (25%). West dipping faults are colored black, while east dipping faults are gray. (c) The throw projection on the
fault plane related to the reactivated preexisting weakness and nearby new faults, as viewed from the southeast, and
relative to Horizon B at the interface between the upper and middle layers. (d) Plot of displacement maximum (D ax)
against fault length (L) on Horizon B at 25% extension.

3.2.1. Final Fault Geometry

In Model 3, six isolated segments (F3a-F3f) originate along the plane of the preexisting weakness and accu-
mulate significant displacement, being 1-4 km in length with a D, ~1,200 m (Figure 8). For example, fault
segment F3d has two differently striking segments in the middle layer. One is ~3-km long, NW-SE striking and
related to the preexisting weakness; the other is also ~3-km long, NE-SW striking and perpendicular to the
preexisting weakness (Figures 8b and 8c). Dyax Of F3d occurs on the NW-SE striking segment, from where
displacement decreases radially (Figure 8c). Toward the south, the NE-SW striking segment of F3d links later-
ally with the N-S striking F3g fault segment, showing twisted fault geometry in the middle layer (F3g in
Figure 8c). Therefore, the preexisting weakness in Model 3 is not reactivated as a continuous structure but
as several short and isolated fault segments along strike. The preexisting weakness also influences the strike
of new faults that develop perpendicular to it in the middle layer, for distances of up to 3 km from the
preexisting weakness.

3.2.2. Fault Evolution

Between 0% and 10% extension, no fault segments initiate on the plane of the preexisting weakness in Model
3 (Figure 9a). However, extension-perpendicular fault segments initiate away from the preexisting weakness,
being up to 3-km long and dipping at ~60° (Figures 9a and 10a). Dy, of these fault segments is approxi-
mately 30 m. Hence, this stage is characterized by scattered fault segment nucleation but not localized on
the preexisting weakness.

Between 10% and 15% extension, some isolated fault segments nucleate on the preexisting plane of weak-
ness, being ~3-km long and at 60° dip, developing a D,,ax of ~100 m (e.g., F3d in Figure 9b). The length of
extension-perpendicular fault segments increases from ~3 to ~8 km as some link laterally, and their D,,,,x
increases from ~30 to ~100 m (e.g., F3g in Figures 9b and 10b). Hence, some small fault segments with
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Figure 9. The 3-D representation of the preexisting weakness (gray) and its surrounding faults in Model 3 at four consecu-
tive stages during extension viewed from the southwest at (a) 10%, (b) 15%, (c) 20%, and (d) 25% extension. Horizon B,
indicating the uppermost extent of the preexisting weakness, is included to aid visualization. The color bar represents fault
throw in meters.

length and displacement similar to extension-perpendicular segments initiate on the preexisting fault
during this stage (Figures 9b and 10b). The small fault length and displacement of the reactivated fault in
Model 3 contrast with Models 1 and 2 where the reactivated fault has a Dy, of ~200 m at this stage and
becomes the dominant fault (fault segments F1a and F2a in Figures 5b and 6b). This difference must be
caused by the different orientation of the preexisting fault relative to the extension direction, since all
other parameters are the same.

Between 15% and 20% extension, the segments initiating on the preexisting weakness in Model 3 increase in
length from ~3 to ~5 km (Figure 10c), and Dyax increases from ~100 to ~300 m (Figure 9¢). The extension-
perpendicular segments show similar evolution (e.g., F3g in Figures 9c and 10c). Thus, this stage is mainly
characterized by continued fault propagation.

Between 20% and 25% extension, fault segment F3d laterally propagates perpendicularly out of the preexist-
ing weakness in the middle layer, generating a new segment of ~3 km in length (Figure 9d). In addition, this
segment (F3d) laterally links with segment F3g to the south, forming a twisted fault geometry in the middle
layer (Figure 9d and 10d). Dy« Of fault segment F3d increases from ~300 to ~800 m and is still located at the
preexisting weakness (Figure 9d).
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Figure 10. Surface maps of Horizon B in Model 3 at four consecutive stages of extension representing: (a) 10%, (b) 15%,
(c) 20%, and (d) 25%. Black lines show west dipping faults, while gray lines show east dipping faults. The white dashed
line in (a) represents the length and orientation of the preexisting weakness, and the color bar represents relative elevation.

3.3. Model 4: No Reactivation

In Model 4, the preexisting weakness has a strike angle (a) of 30° relative to the extension direction and a dip
(B) of 60° (Figure 2).

3.3.1. Final Fault Geometry

At 25% extension, faults developing in Model 4 have an average N-S strike, perpendicular to the extension
direction (Figure 11a). Extension-perpendicular faults offset the plane of the preexisting weakness
(Figure 11b). For example, fault Féa cuts across the preexisting weakness at the branch line. The purple color
on the preexisting weakness near the branch line is due to block rotation in the hanging wall of fault Féa.
Throw of fault Féa at the branch line is not zero (green color), so its lower tip is hidden in the footwall of
the preexisting fault. Therefore, the preexisting weakness is not reactivated and is crosscut and offset by
extension-perpendicular faults (Figure 11b).

3.3.2. Fault Evolution

Evidence on Figures 12 and 13 shows that extension-perpendicular fault segments nucleate and grow
radially in the upper and middle layers of Model 4, followed by lateral and vertical linkage to form bigger

Model 4 (a=30° B=60°)
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Figure 11. Fault geometry of Model 4. (a) The faulted Horizon B at the final stage of extension (25%). Black lines show west
dipping faults, while gray lines show east dipping faults. (b) The throw distribution on the preexisting weakness and
nearby new faults at 25% extension relative to Horizon B. White lines are branch lines between the preexisting plane of
weakness and new faults, and throw on the preexisting planar weakness shows the offset of the plane by those faults.
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Figure 12. The 3-D illustration of the preexisting weakness and its surrounding faults viewed from the south in Model 4 at
10% (a), 15% (b), 20% (c), and 25% (d) extension relative to Horizon B. The color bar represents fault throw in meters. White
lines are branch lines between the preexisting plane of weakness and new faults, and throw on the preexisting planar
weakness shows the offset of the plane by those faults.

faults over time. For instance, some fault segments of fault F6 nucleate randomly in the upper layer but not
on the preexisting fault (Figure 12). They link, propagate downward, and offset the preexisting fault as strain
accumulates (Figure 12). Half-grabens in their hanging walls show no significant elevation change (Figure 13).
The preexisting weakness remains inactive through the extension but is crosscut and offset by extension-
perpendicular faults when extension exceeds 20% (Figure 12). Therefore, the effect of the preexisting weak-
ness on the growth of new faults is absent in this model. New faults generally grow by radial propagation and
linkage of isolated fault segments away from the preexisting weakness, which is quite similar to the ideal
three-stage model for fault growth in a homogeneous crust during a single rift phase (Cowie et al., 2000,
2005; Gawthorpe et al., 2003; Gawthorpe & Leeder, 2000; McLeod et al., 2000; Meyer et al., 2002).

4, Discussion

We have examined the variety in three-dimensional fault geometry and the evolution of a normal fault net-
work over a weak planar preexisting fault with various strike angles relative to the extension direction by
means of numerical modeling. The modeling results confirm the general notion that the reactivation pattern
of a preexisting fault and its effect on the adjacent fault network is greatly related to its strike angle (o) relative
to the extension direction. In particular, a preexisting fault with a dip of 60° is fully reactivated for a > 60°,
partly reactivated for o = 45° and not reactivated for a = 30° (Figure 14). We also observe that newly
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Figure 13. Surface maps of Horizon B in Model 4 at four consecutive stages of extension representing: (a) 10%, (b) 15%,
(c) 20%, and (d) 25%. Black lines show west dipping faults, while gray lines show east dipping faults. The white dashed
line in (a) represents the length and orientation of the preexisting weakness and the color bar represents relative elevation
in meters.

formed faults nucleate independently from the preexisting fault as isolated structures both in the upper and
middle layers of all models (Figures 7-13). Some nearby newly formed faults gradually propagate toward the
reactivated fault and subsequently link, forming a continuous fault system and various fault interaction styles.

4.1. Reactivation Modes of a Preexisting Fault

Physical analog modeling of two phases of extension suggests that the reactivation of first-phase faults is to
be expected for angles as high as 45° between the two extension directions (Bonini et al., 1997; Henza et al.,
2010, 2011; Keep & McClay, 1997). Henza et al. (2010) used scaled analog models (wet clay) to study normal
fault development during two phases of extension whose directions differ by up to 45°. They observed that
preexisting faults were reactivated during the second phase of extension, along with the development of
new normal faults. Similarly, the reactivation of first-phase faults has been found during the second rift phase
in parts of the northern North Sea rift where there was a rotation in the local extension direction by 30-45°
between the two rift phases (Davies et al., 2001; Deng, Gawthorpe, et al.,, 2017; Fzerseth, 1996; Farseth et al.,
1997). In contrast, Fazlikhani et al. (2017) observed that prerift structures striking close to the extension direc-
tion of rifting on the Malgy Slope were less likely to be reactivated than those more favorably oriented in the
Horda Platform and East Shetland Basin, northern North Sea. Therefore, our modeling results are consistent
with observations from physical analog models and natural rifts and support the conclusion that reactivation
of a preexisting fault is more likely when it makes a high angle to the extension direction. Furthermore, we
find that the reactivation of a preexisting fault is characterized by three different modes: full, partial, and
no reactivation (Figures 14 and 15).

The modeling results indicate that the preexisting fault evolves from initially isolated fault segments to a con-
nected fault system. More specifically, the evolution of a fully reactivated preexisting fault and nearby new
faults involves three stages (Figure 15a). Initially, the preexisting fault is reactivated, while newly formed faults
initiate independently at shallower levels in their early history. Thereafter, the reactivated fault propagates
upward and new faults propagate downward as strain accumulates. And finally, the reactivated fault links
vertically with overlying new faults later in their growth history, forming a continuous fault system. For the
case of a partially reactivated preexisting fault, the reactivated section is not likely to propagate through
the entire upper layer owing to its small size but rather affects only the lower part of the upper layer
(Figure 15b). The reason that the preexisting fault and new faults develop an initially decoupled pattern is
related to the large thickness of the overburden in the models. Such decoupling is common where layers
of mechanically contrasting properties exist (e.g., salt-involved decoupling; Jackson & Rotevatn, 2013), but
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Figure 14. Summary of faulting observed on Horizon B for the four models showing the difference in fault reactivation dur-
ing extension related to the strike angle () relative to the extension direction (red arrow). Black lines show faults dipping
left, while gray lines show faults dipping right. The yellow dashed lines at 10% extension represent the length and
orientation of the preexisting weakness.

in our case there are no real extremes in the stratification of strength of the model. We suggest that the
succession overlying the preexisting fault is thick (7.5 km) enough that it fails independently in the
uppermost layer during the imposed uniform extension. Another possible reason is the element properties
within the overburden, where the bond strength is randomly assigned. In other words, there are inherent
weaknesses in the upper layer that are of similar strength to those on the basement fault. As such, there
will be localization on these weaknesses at similar times as the preexisting weakness and so faults will
form in both the upper and lower layers coincidentally. Therefore, the combination of a thick overburden
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and its heterogeneity in mechanical strength leads to decoupled deformation between the upper and
middle layers of our models.

4.2, Impact on Adjacent Fault Development

We observe that a strain shadow zone forms around the reactivated fault, for instance, around faults F1 and
F2 in Figure 7. In this zone, fault density is significantly decreased as compared to surrounding areas, reflect-
ing strain localization on the reactivated fault. In addition, the size of the strain shadow zone shows a decreas-
ing trend with the strike angle of the preexisting fault, so that the size of the strain shadow zone is
proportional to the reactivation potential of the preexisting fault. Ackermann and Schlische (1997) suggested
a stress-reduction shadow, similar to the strain shadow zone in this study, in the vicinity of master faults
where the nucleation of smaller faults is retarded. They collected the length and displacement data of faults
that have a well-defined stress-reduction shadow and found the size of the stress-reduction shadow to
increase linearly with fault displacement. Our modeling results demonstrate similar characteristics regarding
the size of the strain shadow zone versus fault size (fault length and displacement). Therefore, we expect that
easily reactivated major faults alter the strain distribution through such a strain shadow because of their large
size early in their growth history.

We also find that a reactivated fault influences the strike orientation of adjacent new faults. With large «
(=60°), new faults develop in the strain shadow zone of the reactivated fault at high angles to the reactivated
fault (Figure 4a). Also, the reactivated segments of the preexisting weakness propagate outward in a direction
perpendicular to the preexisting plane of weakness with an intermediate a (=45°) and large f (=60°), in dis-
tances of up to 5 km (Figure 8j). Henza et al. (2010) studied fault evolution during two phases of noncoaxial
extension by using clay analog models and observed that second-phase faults were initially orthogonal to
preexisting faults and became approximately orthogonal to the second-phase extension direction as
they propagated away from preexisting faults. Second-phase faults forming perpendicular to a preexisting
fault reflect that the preexisting fault perturbs the local extension direction (Homberg et al., 2004, 1997).
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Hence, the development of newly formed faults striking approximately perpendicular to a reactivated preex-
isting fault in its vicinity indicates that the preexisting fault reactivates obliquely.

In addition, a preexisting fault influences fault length, depending on the strike of the preexisting fault relative
to the extension direction. With a large a (>60°), the preexisting fault reactivates to form a fault whose length
equals that of the initial preexisting fault during the early growth history (Figure 15a). With an intermediate o
(=45°), however, the preexisting weakness partly reactivates and favors the development of several isolated
fault segments within the preexisting plane of weakness, each with a length similar to that of the extension-
perpendicular fault segments (Figure 15b). Such variations in the reactivation and growth pattern of a preex-
isting weakness represent two end-members of the fault growth model: (i) the isolated fault model (e.g.,
Baudon & Cartwright, 2008; Cartwright et al., 1995; Contreras et al., 2000; Dawers & Anders, 1995; Fossen &
Rotevatn, 2016; Huggins et al., 1995; Jackson et al., 2002; Mansfield & Cartwright, 1995; McLeod et al., 2000;
Morley, 1999; Morley et al., 1990; Rykkelid & Fossen, 2002; Schlische & Anders, 1996; Trudgill & Cartwright,
1994; Walsh et al., 2003; Walsh & Watterson, 1988; Young et al., 2001) and (ii) the coherent fault model
(Childs et al., 1995; Giba et al., 2012; Schépfer et al., 2006; Walsh et al., 2003, 2002). The reactivation of the pre-
existing weakness with an intermediate « (=45°) is in accordance with the isolated fault model, where a few
short, isolated segments nucleate on the preexisting plane of weakness, and then propagate, interact, and
link with extension-perpendicular fault segments over time. In contrast, the reactivation and further growth
of the preexisting weakness with a large a (>60°) resemble the coherent fault model, where a reactivated pre-
existing weakness reaches its near-constant fault length relatively early in its growth history, followed by a
long period of displacement accrual without significant increase in length owing to interaction between fault
segments. The difference in the growth pattern of a preexisting weakness owing to varying strike angles indi-
cates that both the isolated and coherent fault models are applicable to the reactivation of a preexisting fault.
A similar implication was also outlined in Jackson and Rotevatn (2013).

The impact of a preexisting fault on fault displacement is indicated by displacement enhancement on fault
segments that link to the reactivated fault with a large a (>60°; Figure 15a). For example, the final displacement
distribution of the fault system F1 in Model 1 (& = 90°) has a radially decreasing trend from the core, segment
F1a, to segments F1b—F1f (Figure 3c). If fault growth history is not considered, the final displacement distribu-
tion on fault system F1 may be misinterpreted as a result of upward propagation of the fringes from the core
F1a alone. Indeed, the evolution of fault system F1 also involves vertical linkage of the fringes of F1a and the
concurrent fault segments F1b-F1f that nucleate separately in the upper layer. In addition, the existence of
several displacement minima in the upper part of fault system F1 indicates that this part consists of several
fault segments that are initially isolated and then laterally linked, thus argues against the model of upward
propagation (Figure 3c). The modeling results show that the reactivated fault enhances the displacement
of the fault segments that link to it, which masks the initial displacement distribution that characterizes seg-
mentation of a large fault system. This effect on fault displacement implies that using the final displacement
distribution or D-L plots to interpret the evolution of fault systems needs to consider the influence of preex-
isting faults. Otherwise, it may lead to a misleading interpretation of the underlying dynamics. Displacement
enhancement is also found in Model 2 (& = 60°; see also Deng, Gawthorpe, et al., 2017) but not in other models
where the preexisting weakness (¢ < 60°) does not control strain localization during extension. Therefore, a
major fault may have a significant effect on the final displacement distribution of faults linking to it.

4.3. Variation in Fault Interaction Styles and Implications

Since the impact of a preexisting fault on the geometry of adjacent new faults depends on its orientation rela-
tive to the extension direction, the resultant fault interactions in our models have different styles as well. In
the model with a large o (=60°), fault interaction styles include: (i) splaying, where new faults nucleate at
and then propagate away from the reactivated preexisting fault (e.g., F2 g in Figure 4c, see also Nixon et al.,
2014); and (ii) twisting, where sawtooth fringes of the reactivated fault link vertically and laterally with
extension-perpendicular faults in the upper layer (e.g., F2e in Figure 6). Twisting interactions also develop
in the model with an intermediate a (=45°) but mainly in the middle layer (e.g., F3d and F3g in Figure 8c).
In the model with a small a (=30°), extension-perpendicular faults crosscut and offset the preexisting fault
(e.g., F6a in Figure 11b). Hence, there is a shift from splaying and twisting to crosscutting interactions as
the strike angle of the preexisting fault relative to the extension direction decreases, along with a decreasing
influence of the preexisting fault.
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Fault interaction styles were also investigated in three dimensions via analysis of fault displacement distribu-
tion on strike projections in multiphase rift basins. For instance, Duffy et al. (2015) found that NW-SE striking
second-phase faults terminate against a larger N-S striking first-phase fault in the northern North Sea rift.
Based on final displacement distribution, second-phase faults were interpreted to nucleate either on first-
phase faults and then propagate outward or away from and then terminate against first-phase faults. A dif-
ference in the local extension direction of 30-45° during the two rift phases was suggested, corresponding to
our models with an a of 45-60°. Crosscutting interaction has also been identified in the Jeanne d'Arc rift basin
of offshore Newfoundland (Enachescu, 1987; Sinclair, 1995a, 1995b), where first-phase N-S striking faults are
crosscut and offset by second-phase E-W striking faults. This crosscutting pattern and its high angle between
the two extension directions is similar to our model with a small « (=30°).

These observations from multiphase rifts suggest a shift from splaying and twisting to crosscutting interac-
tions as the relative angle between extension directions increases during multiphase rifting. Our modeling
results are consistent with observations of fault interaction styles in natural multiphase rifts, and the models
provide theoretical examples that can be used to constrain the angle between extension directions in multi-
phase rifts from assessment of the fault interaction styles between first- and second-phase faults. A further
implication of the observed variability in fault interaction styles is that our discrete element models are
applicable for predicting fault patterns and the evolution of fault networks in multiphase rifts.

In general, reactivation of a preexisting fault depends on fault strength (e.g., Bellahsen & Daniel, 2005; Dubois
et al.,, 2002; Etheridge, 1986; Ranalli & Yin, 1990), fault orientation (e.g., Bonini et al., 1997; Fazlikhani et al,,
2017; Henza et al., 2010, 2011; Huyghe & Mugnier, 1992; Keep & McClay, 1997; Krantz, 1991; Phillips et al.,
2016; Sibson, 1985), and the state of stress in three dimensions (e.g., Ranalli & Yin, 1990; Sibson, 1985).
Although we focus on the control of the strike angle of a preexisting fault relative to the extension direction
on its reactivation mode, the experiment setup of the preexisting fault, such as fault strength, length, and dip,
is specifically chosen to avoid their effects on the modeling results. To achieve this, the preexisting fault in our
models is defined to be weak enough and dipping favorably, and the models experience uniform extension,
and hence, a change in these parameters may lead to different modeling results. Nevertheless, this work pro-
vides a theoretical example of studying the factors controlling the reactivation of a single preexisting fault
and subsequent fault evolution.

5. Conclusion

Our numerical study of structural patterns forming during extension across a weak preexisting fault of
variable strike orientation shows the following:

1. The strike angle (o) of a preexisting fault relative to the extension direction controls the reactivation mode.
With a large a (>60°), a preexisting fault is fully reactivated. With an intermediate « (45°), a preexisting fault
is partially reactivated. With a small a (30°), a preexisting fault is not reactivated.

2. A strain shadow zone (zone of reduced fault density) occurs around the plane of the fully reactivated fault
with a large a (>60°). The size (length and width) of this zone is proportional to the length and displace-
ment of the reactivated fault.

3. A preexisting fault that is fully reactivated obtains a large fault length early in its growth history. In com-
parison, a preexisting fault that is partly reactivated forms a few fault segments with small lengths and
displacements.

4. A reactivated fault influences the orientation of adjacent new faults when the preexisting fault makes a
high angle (a > 60°) to the extension direction, generating new faults that are nearly perpendicular or
highly oblique to the reactivated fault.

5. A fully reactivated fault enhances the displacements of fault segments linking to it, which masks their
initial displacement maxima. Therefore, interpretation of the growth history of faults that link to and
are affected by a fully reactivated fault based on the final displacement distribution or D-L plots is
complicated.

6. Fault interaction styles depend on the reactivation pattern of the preexisting fault. There is a shift from
splaying and twisting to crosscutting interactions with a decrease in the strike angle of the preexisting
fault relative to the extension direction. The development of fault interaction styles can, to some extent,
be used to constrain the angle between extension directions in multiphase rifts.
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