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1  Introduction
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features
 is

 straightforward
 as

 a
 significant

 distance

separates
 them

 (for
 example,

 see
 Fig.

 2c).
 In

 other
 cases,

the
 fault

 tip
 splays

 are
 observed

 to
 emanate

 from
 a

pronounced
 bend

 or
 a

 step-over
 in

 the
 parent

 fault
 trace,

and
 this

 specific
 origin

 allows
 their

 discrimination
 (for

example,
 see

 Fig.
 2a).

The
 direction

 of
 long-term

 propagation
 of

 the
 parent

faults
 was

 inferred
 from

 different
 evidences

 (Table
 S1

 and

references
 therein ).

 For
 the

 three
 experimental

 faults
 in

 the

population,
 the

 along-strike
 propagation

 was
 directly

observed
 (Fig.

 2c).
 For

 a
 number

 of
 other

 faults,
 the

 direction

of
 long-term

 lengthening
 was

 inferred
 from

 the
 dating

 of

offset
 or

 deformed
 features

 along
 the

 fault,
 which

 revealed

the
 age

 decrease
 of

 the
 fault

 along
 its

 length.
 On

 other
 faults,

the
 cumulative

 displacement
 was

 shown
 to

 progressively

decrease
 along

 the
 fault

 length,
 as

 expected
 along

 a

propagating
 fault

 whose
 age

 follows
 an

 along-strike

decrease.
 Similarly,

 a
 significant

 along-strike
 decrease

 of

the
 long-term

 fault
 slip

 rate
 suggests

 that
 the

 fault
 becomes

younger
 in

 the
 direction

 of
 apparent

 slowing,
 and

 this

criterion
 was

 also
 used

 in
 a

 few
 cases

 (Table
 S1).

 In
 other

cases,
 the

 fault
 segment(s)

 closest
 to

 the
 actual

 fault
 tip

 were

shown
 to

 be
 younger

 than
 the

 rest
 of

 the
 fault.

On
 all

 of
 the

 47
 fault

 maps,
 fault

 tip
 splays

 are
 observed

to
 extend

 near
 the

 propagating
 parent

 fault
 tips

 (Fig.
 2

 and

Fig.
 ES

 I).
 The

 splay
 faults

 generally
 form

 acute
 angles

 with

the
 primary

 fault
 when

 the
 latter

 is
 observed

 in
 the

direction
 of

 propagation
 (angles

 discussed
 in

 next
 section).

The
 tip

 splay
 networks

 show
 a

 similar,
 tree-like

 or
 cone-

shaped
 geometry,

 widening
 away

 from
 the

 propagating

parent
 fault

 tip.
 In

 most
 cases,

 the
 splays

 are
 developed

 on

one
 side

 only
 of

 the
 parent

 fault,
 but

 networks
 more

symmetric
 about

 the
 primary

 fault
 exist

 in
 a

 few
 cases.

Generally,
 the

 splays
 extend

 both
 ahead

 of
 the

 parent
 fault

tip
 and

 around
 a

 significant
 fraction

 of
 the

 fault
 length

behind
 the

 fault
 tip

 (Figs.
 1

 and
 2

 and
 Fig.

 ES
 I).

 The

geometric
 patterns

 of
 the

 tip
 splays

 are
 similar

 for
 all

parent
 fault

 slip
 modes.

 On
 strike-slip

 (or
 shear)

 faults,

splays
 most

 commonly
 develop

 on
 one

 side
 of

 the
 parent

fault
 only

 (yet
 symmetric

 networks
 also

 exist,
 for

 example,

see
 Figs.

 ES
 I-4 ),

 but
 this

 side
 is

 either
 the

 extensive
 (for

example,
 see

 Fig.
 ES

 I-5 )
 or

 the
 compressive

 quadrant
 (for

example,
 see

 Fig.
 2a)

 of
 the

 shear
 fault.

 On
 normal

 faults,

the
 tip

 splays
 most

 commonly
 develop

 in
 the

 parent
 fault

hanging
 wall,

 but
 in

 a
 few

 cases,
 they

 form
 in

 the
 footwall

(for
 example,

 see
 Fig.

 ES
 I-18 )

 or
 in

 both
 fault

 compart-

ments
 (for

 example,
 see

 Fig.
 ES

 I-38 ).
 On

 reverse
 faults,

 tip

splays
 are

 most
 commonly

 developed
 in

 the
 hanging

 wall,

but
 data

 are
 too

 scarce
 to

 be
 conclusive.

Because
 the

 degree
 of

 detail
 is

 different
 from

 one
 map

to
 another,

 the
 data

 in
 Fig.

 2
 and

 Fig.
 ES

 I
 do

 not
 allow

discussing
 the

 length
 and

 slip
 mode

 of
 the

 individual
 splay

faults.
 We

 can
 only

 state
 that,

 in
 all

 cases,
 the

 tip
 splay

networks
 include

 faults
 of

 different
 sizes,

 some
 of

 them
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 (Color
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 Five
 example

 fault
 maps

 analyzed
 in

 the
 present

 study
 (from

 Fig.
 ES

 I
 in

 Supplementary
 material

 where
 all

 47
 fault

 maps
 are

 shown).

The
 maps

 are
 redrawn

 from
 their

 original
 versions

 to
 discriminate

 the
 parent

 (in
 red)

 and
 the

 tip
 splay

 faults
 (in

 orange).
 In

 blue
 are

 splay
 faults

 that
 likely

formed
 in

 earlier
 stages

 of
 fault

 growth.
 In

 green
 are

 nearby
 faults

 or
 features.

 The
 direction

 of
 long-term

 propagation
 of

 the
 parent

 faults,
 documented

 in

Table
 S1,

 is
 indicated

 with
 a

 black
 arrow.

 Lf is
 the

 parent
 fault’s

 length.
 (a)

 Altyn
 Tagh

 strike-slip
 fault

 (Meyer
 et

 al.,
 1998;

 Tapponnier
 et

 al.,
 2001 );

 (b)
 Velino-

Magnola
 normal

 fault
 (Schlagenhauf

 et
 al.,

 2011 );
 (c)

 two
 stages

 of
 growth

 of
 an

 experimental
 strike-slip

 fault
 (Otsuki

 and
 Dilov,

 2005 );
 (d)

 Cheliff
 reverse

fault
 (Boudiaf

 et
 al.,

 1998;
 Yielding

 et
 al.,

 1989 ).
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 (2016)

 52–60
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[modified from Perrin et al., 2016]

however, two sequences oflarge earthquake sequences that are fairly well documented and examines the
earthquake slip distribution with respect to the long-term fault propagation. One sequence was a cluster offour
large earthquakes which broke entirely the ~450 km long Garze-Yushu fault in ~ 150years [Chen et al., 2010].
Another sequence comprises eight large earthquakes that broke the main strand of the North Anatolian fault
(in red in Figure 6b) in the last century (193 9–1967 sequence: Barka [1996]; the 1999 Izmit and Duzce earth-
quakes broke the northern branch of the North Anatolian fault, in green in Figure 6b). In both cases, the slips
produced by the largest of these earthquakes were greatest on the most mature section of the fault and
decreased progressively in its direction oflong-term propagation. The three large earthquakes that ruptured

Figure 6. Sequences oflarge historical earthquakes that combined to rupture a fault entirely. (a) Garze-Yushu fault and (b)
North Anatolian fault. In Figures 6a and 6b, long-term fault map is shown in the middle, earthquake time history at the bot-
tom, and maximum surface slips of historical earthquakes at the top. In time plots, arrows suggest earthquake clusters that
broke the fault entirely (for North Anatolian, main fault is shown in reddish and Northern Branch in greenish). In slip plots,
arrows show slip decrease among clustered events. Slip decreases in the direction oflong-term fault propagation.
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2  Seismo-Thermo-Mechanical Modeling

Plastic strength with  
Invariant regularized RSF formulation
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𝜏II - second invariant of stress tensor           𝜇s - static friction coefficient      
P -  pressure                                                 θ - state 
Vp - plastic slip rate                                       L - characteristic slip distance 
V0 - reference slip rate
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3  Model extension and setup 4  Results
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Reminder from Preuss et al., JGR, 2019): fault growth in homogeneous, rate-weakening 
medium from a point defect

[Preuss et al., 2019]

5  On-fault vs- off-fault plastic strain

conceptual modelnatural examples

Conclusions 

• Riedel and conjugate faults generated simultaneously at tip of a pre-existing fault 
• Seismic fault growth is steeper than aseismic fault growth 
• Faults dominantly extend aseismically 
• Structural complexity is generated seismically 
• Type of off-fault deformation (distributed vs. localized) depends on bulk properties 
• Amount of off-fault deformation depends on the optimality of the predefined fault

* Preuss et al. (JGR, 2019) extended with: 
- Grid size convergence evolving faults due to slip rate dependent fault width formulation  

Van Dinther et al., (JGR, 2013b) extended to seismic time scales with adaptive time 
stepping and rate-and-state friction (Herrendoerfer et al., JGR, 2018) for evolving 
faults (Preuss et al., JGR, 2019) and novelties *

- 2.5-D model (gen. Elsasser approach; Lehner, JGR, 1981)

>> Fault growth occurs mainly aseismically 
>> Structural complexity forms mainly seismically  

Fault growth in different bulk rheologies

>> Very limited plastic strain on optimally oriented fault 

Objective: investigate incipient secondary faulting due to the propagation of a dynamic earthquake rupture on a mature fault

Why do we model it  
parallel to model boundaries?

Seismic fault growth is steeper than aseismic fault growth 

Fault growth in rate transitional bulk
Rate-and-state friction parameters: 


