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 Introduction

All faults grow larger in time as they accommodate
ore strain (with exception of subduction faults; e.g.,
wie and Scholz, 1992a,b; d’Alessio and Martel, 2004;
anighetti et al., 2001a; Nicol et al., 2005; Segall and
llard, 1983). The growth of faults has been observed in
tural cases (e.g., Armijo et al., 1999; Childs et al., 2003;

ckson et al., 1996; Keller et al., 1999; Manighetti et al.,
97, 1998, 2001b), inferred from scaling relations
tween fault length and accumulated displacement
.g., Cartwright et al., 1995; Cowie and Scholz, 1992a;
wers et al., 1993; Manighetti et al., 2001a; Marrett and

lmendinger, 1990; Schlische et al., 1996; Walsh and
atterson, 1988), and modeled experimentally (e.g.,
ansfield and Cartwright, 2001; Otsuki and Dilov,
05; Schlagenhauf et al., 2008) and theoretically (e.g.,
rgmann et al., 1994; Cowie and Scholz, 1992b; Davatzes

and Aydin, 2003; Du and Aydin, 1995; Martel, 1997; Mutlu
and Pollard, 2008; Segall and Pollard, 1983; Willson et al.,
2007). Faults may grow in width until they break the
entire brittle layer (e.g., Mansfield and Cartwright, 2001).
More commonly, they grow in length, either bilaterally or
unilaterally, so that the fault plane expands horizontally.
The along-strike growth is referred to as ‘‘horizontal or
lateral propagation’’ (e.g., Keller et al., 1999; Manighetti
et al., 2001a). The horizontal fault lengthening may occur
at fast rates, up to several cm/year (e.g., Armijo et al., 1999;
Bennett et al., 2006; Childs et al., 2003; Hubert-Ferrari
et al., 2003; Keller et al., 1999; Manighetti et al., 1997,
1998, 2001b; Meyer et al., 1998; Morewood and Roberts,
1999; Mueller and Talling, 1997). While evidence for fault
growth and especially horizontal propagation are clear,
the actual growth processes are difficult to document and
therefore are not fully understood. Yet, it is important to
understand these processes: as a fault extends, it breaks
and hence damages the material more. Meanwhile, it gets
an increased ability to interact with other faults, and these
interactions may lead to break the material even more.

R T I C L E I N F O

icle history:

ceived 25 March 2015

cepted after revision 18 May 2015

ailable online 3 July 2015

ndled by Vincent Courtillot

ywords:

lts

lays

pagation

ess

mage

A B S T R A C T

We use fault maps and fault propagation evidences available in the literature to examine

geometrical relations between parent faults and off-fault splays. The population includes

47 worldwide crustal faults with lengths from millimetres to thousands of kilometres and

of different slip modes. We show that fault splays form adjacent to any propagating fault

tip, whereas they are absent at non-propagating fault ends. Independent of fault length,

slip mode, context, etc., tip splay networks have a similar fan shape widening in direction

of long-term propagation, a similar relative length and width (� 30 and � 10% of parent

fault length, respectively), and a similar range of mean angles to parent fault (10–208). We

infer that tip splay networks are a genetic and a generic property of faults indicative of

their long-term propagation. Their generic geometrical properties suggest they result from

generic off-fault stress distribution at propagating fault ends.
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To understand how natural faults are growing, a first step
 to determine in which direction(s) they have propagated
ver their lifetime (i.e., generally several 104–106 year, later
eferred to as ‘‘long-term’’). For large-scale faults that cut

rough the entire brittle crust (i.e. fault length Lf� several
0 km), the direction(s) of long-term lengthening can be
ferred from dating offsets along the fault (Table S1 in

upplementary material and references therein). Yet such
ating is difficult, and therefore the direction(s) of long-term
ropagation is (are) rarely known for large-scale faults. Fault
rowth and propagation have thus been mostly studied at
mall scale, mainly in laboratory experiments. A common
nding is that faults subjected to mixed normal and shear
ads, as most natural faults are, develop off-fault splay
actures and faults at and around the propagating tip(s) of
e parent fault (e.g., Brace and Bombolakis, 1963; Moore

nd Lockner, 1995; Nemat-Nasser and Horii, 1982; Otsuki
nd Dilov, 2005; Reches and Lockner, 1994). Furthermore,
e geometries of experimental splay fault networks are

imilar to the geometries of splay fractures and faults
bserved at the tips of macroscopic natural faults (e.g.,
ranier, 1985; McGrath and Davison, 1995). This similarity
as led some authors to suggest that:

i) splay fault networks might be a general phenomenon
developed on all types of parent faults and in different
materials (e.g., Granier, 1985; McGrath and Davison,
1995);

i) splay fault networks might be used to track the
propagation direction of a parent fault (e.g., Kim
et al., 2003; McGrath and Davison, 1995; Manighetti
et al., 1997, 1998; Vermilye and Scholz, 1998).
Our objective is to examine whether the suggestions

bove are valid, and to define the scales they might apply to.
e analyze a worldwide population of crustal faults whose

irection(s) of long-term propagation has (have) been
ocumented. The faults span a broad range of lengths (from
0�5 to 103 km), and are of all slip modes. On published fault
aps, we identify the parent fault trace and the secondary
ults off the parent fault. We show the systematic
evelopment of secondary off-fault splay networks at the
ropagating tips of the parent faults. We establish scaling
elations that reveal the genetic and generic link between
arents and tip splay faults and that provide quantitative
onstraints on the width and length of damage zones around
ults.

. Off-fault splay networks at propagating fault tips

The term ‘‘splay fault’’ commonly refers to subsidiary
ults that branch off a main fault and form an acute angle to
at fault (Fig. 1; e.g., Davatzes and Aydin, 2003; Granier,

985; McGrath and Davison, 1995). Although more restric-
ve definitions have been suggested (Ando et al., 2009;
cholz et al., 2010), here we use that simple definition. Note
at splay faults have also been referred as wing cracks,

orsetails, branch faults, bifurcating faults, etc. (e.g., Davatzes
nd Aydin, 2003; d’Alessio and Martel, 2004; de Joussineau
t al., 2007; Granier, 1985; McGrath and Davison, 1995).

When referring to ‘‘long-term fault propagation’’, we
efer to the fault lengthening over the whole or a long part

of the fault history. Most of the faults we analyze are long-
lived features with a lifetime of several 104–106 year. It is
possible that, over such a long lifetime, a fault goes through
phases when it does not propagate laterally but rather
accumulates displacement at a constant length (see
‘‘Discussion’’). Even so, the fault lengthens overall in one
or two directions over its whole history, and this is the
overall lengthening that we consider here.

We analyze a population of 47 crustal faults worldwide,
which have been mapped in prior works and whose
direction(s) of long-term propagation has (have) been
documented (Table S1 and references therein). The latter
condition is the one that most limits the dataset. Five
example fault maps are shown in Fig. 2 (all fault maps are
shown in Fig. ES I in supplementary material). The
population includes 23 normal, 3 reverse, and 21 strike-
slip faults. Ninety-one percent of the faults were mapped
in the horizontal plane, and this allows examining those
faults along their length (Lf, Table S1 and Fig. ES I). The
remaining � 9% were observed in cross-section, and
therefore, we examine these faults along their top-to-
bottom width (Wf, Table S1 and Fig. ES I). The faults have a
broad range of sizes (Lf or Wf) ranging from 10�5 to
2300 km. About half of the faults have a length greater than
twice a standard seismogenic thickness (i.e., Lf> � 40 km),
and hence are expected to cut through the entire crust.

The fault maps were originally done at different scales
and resolutions, and thus provide different levels of detail
(Fig. 2 and Fig. ES I). Yet, in all published maps, the parent
fault trace is well identified (in red in Fig. 2 and Fig. ES I),
whereas the secondary faults off the parent trace are clearly
discriminated (see below). We have redrawn the fault maps
to provide a comprehensive vision of the entire fault zones,
but we have not modified the original mapping.

Faults are commonly flanked with secondary faults that
branch off at intervals along their length (Fig. ES I). These
along-strike subsidiary faults might be relicts of prior
stages of the parent fault evolution (e.g., d’Alessio and
Martel, 2004; de Joussineau and Aydin, 2007). We focus on
the splay networks closest to the fault tips since they are
expected to be the youngest (e.g., de Joussineau and Aydin,
2007), and hence those to still show their original
geometry. We call them the ‘‘fault tip splays’’ (in orange
in Fig. 2 and Fig. ES I). In most fault cases, the
discrimination of fault tip splays from other off-fault

Longt-term fault propagation 

Wsp

Lsp

αmax

Lf or  Wf

αmean

Fig. 1. (Color online.) Schematic map-view representation of a fault with

off-fault tip splays. The parent fault trace (here, a normal fault) is

represented with a thick line and the splay faults with thin traces. In

accordance with results discussed in present study, tip splays are developed

at the propagating parent fault’s tip, whereas no splay is observed at the

non-propagating fault tip (here, intersection with an oblique nearby fault,

in green). Lf is the parent fault’s length, Lsp and Wsp are the length and

width of the tip splay network, respectively, amean and amax are the mean

and maximum angles, respectively, between splays and parent fault.
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atures is straightforward as a significant distance
parates them (for example, see Fig. 2c). In other cases,
e fault tip splays are observed to emanate from a
onounced bend or a step-over in the parent fault trace,
d this specific origin allows their discrimination (for
ample, see Fig. 2a).
The direction of long-term propagation of the parent

ults was inferred from different evidences (Table S1 and
ferences therein). For the three experimental faults in the
pulation, the along-strike propagation was directly
served (Fig. 2c). For a number of other faults, the direction

 long-term lengthening was inferred from the dating of
fset or deformed features along the fault, which revealed
e age decrease of the fault along its length. On other faults,
e cumulative displacement was shown to progressively
crease along the fault length, as expected along a
opagating fault whose age follows an along-strike
crease. Similarly, a significant along-strike decrease of
e long-term fault slip rate suggests that the fault becomes
unger in the direction of apparent slowing, and this
iterion was also used in a few cases (Table S1). In other
ses, the fault segment(s) closest to the actual fault tip were
own to be younger than the rest of the fault.
On all of the 47 fault maps, fault tip splays are observed

 extend near the propagating parent fault tips (Fig. 2 and
. ES I). The splay faults generally form acute angles with

e 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

Altyn  Tagh fault 
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Propagation

Experimental fault  at stage 1 
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 Expe rimental fault  at stage 2 
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(a) Stri ke slip, Lf ≈ 2000  km

(c) Strike slip, Lf from 18  to 30.10-6 km

(d) Revers e, Lf ≈ 91  km

(b) Norma l, Lf ≈ 45  km

. 2. (Color online.) Five example fault maps analyzed in the present study (from Fig. ES I in Supplementary material where all 47 fault maps are shown).

e 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

med 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

ble 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-

gnola normal fault (Schlagenhauf et al., 2011); (c) two stages of growth of an experimental strike-slip fault (Otsuki and Dilov, 2005); (d) Cheliff reverse

lt (Boudiaf et al., 1998; Yielding et al., 1989).
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aving a length of the same order as that of the parent
ult. In many cases, independently of the parent fault slip
ode, the splay faults seem to have a dominant dip-slip

omponent. Yet strike-slip splay faults are also observed
round the propagating tips of strike-slip parent faults (for
xample, see Fig. ES I-13).

About 80% of the faults seem to have mainly propagated
nilaterally over their lifetime (Table S1). In contrast with
eir propagating tips, no splay network is observed at their

on-propagating end (Table S1, Fig. 2 and Fig. ES I). Instead,
e faults commonly terminate there by abutting another,
arkedly oblique fault of similar or different slip mode
igs. 1 and 2b), or by stepping to a distant, roughly parallel
ult with a similar slip mode (for example, see Fig. ES I-6).

We thus conclude that, regardless of their slip mode, of
eir length, of their geological context, and of their

istory, faults have their propagating tip(s) flanked or
urrounded by a network of oblique, secondary splay
ults. The tip splay networks have a significant size, and a

imilar tree-like geometry widening in the direction of
ng-term propagation (Fig. 1).

. Scaling relations between off-fault tip splays and
arent faults

We now examine the size properties of the tip splay
etworks with respect to the parent fault size. On each of the
ult maps, we have measured the length (Lsp, measured

arallel to the parent fault) and the width (Wsp) of the fault
p splay network(s), along with the mean (amean) and
aximum (amax) angles that the tip splay faults form with
eir parent fault (Figs. 1 and 2, Fig. ES I and Table S2). We

eport these quantities to the parent fault length (Lf),
easured parallel to the mean fault strike and made to
clude the splay network(s). Wsp is the greatest width of a

play zone, measured perpendicular to the parent fault
ace (i.e., Wsp is measured in the horizontal plane for 91%
f the faults, and in the vertical plane for the other few
ults). The angles amean and amax are measured with

espect to the mean strike of the parent fault (Fig. 1).
Because the fault maps have different resolutions, the

easurements cannot be made with a great precision, and
ncertainties cannot be properly quantified. Yet, the order
f magnitude is all that is important to examine general
caling relations between the various quantities, especially
hen log scales are used, as we do below.

We first examine the length of the tip splay networks,

sp, with respect to the length of the parent faults, Lf (Fig. 3).
lthough the data show some variability, they reveal a
onsistent trend throughout the entire range of length
cales, showing that the length of the splay networks at the
ropagating fault tips increases with the length of the
arent fault (Fig. 3a). The best-fit function to the data is a
ower law with an exponent of � 1 (Fig. ES IIa). The data
an thus be best represented with a more realistic linear
nction with zero intercept: Lsp = 0.34 Lf (Fig. 3a). There-
re, the length of a tip splay network at a propagating fault
p is about one third of the parent fault length. This scaling

elation is independent of the parent fault slip mode. A
imilar linear relation is indeed found for the strike-slip

(Lsp = 0.40 Lf, Fig. ES IIIa), and the dip-slip faults together
(Lsp = 0.42 Lf, Fig. 3b; reverse faults are too few to be
examined alone) (see Figs. ES IIb and ES IIIa for power law
functions).

We then examine the width of the tip splay networks,
Wsp, with respect to Lf (Fig. 4). As before, although the data
show some variability, they reveal a consistent trend
throughout the entire range of length scales, which shows
that the width of the tip splay networks at the propagating
fault tips increases with the length of the parent fault
(Fig. 4a). The best-fit function to the data is a power law
with an exponent of � 1 (Fig. ES IIc). The data can thus be
best represented with a more realistic linear function with

Fig. 3. (Color online.) Scaling relation between parent- and tip splay-fault

lengths (data from Fig. ES I and Table S2 in Supplementary material). Lf is the

parent fault’s length, Lsp is the length of the tip splay network at the

propagating parent fault’s tip. (a) For the entire fault population. The black

line is the best-fitting linear regression whose equation is indicated on the

graph. (b) For the entire fault population discriminated from fault slip mode

(colored symbols). The black and the red lines are the best-fitting linear

regressions for the dip-slip and the strike-slip fault data, respectively,

whose equations are indicated on the graph. See Fig. ES IIa–b for power law

fits to the data, and Fig. ES IIIa for specific analysis of normal fault data.
ero intercept: Wsp� 0.09 Lf (Fig. 4a). Therefore, the width
ults alone (Lsp = 0.30 Lf, Fig. 3b), the normal faults alone z
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 a tip splay network at a propagating fault tip is about a
nth of the parent fault length. A similar linear relation is
und for the strike-slip faults alone (Wsp = 0.09 Lf, Fig. 4b),
e normal faults alone (Wsp� 0.18 Lf, Fig. ES IIIb), and the
p-slip faults together (Wsp� 0.08 Lf, Fig. 4b) (see Fig. ES IId
d ES IIIb for power law functions). Note that, for dip-slip
lts, the linear fit with zero intercept is fairly poor (R2 = 0.43,
. 4b); a power law fit is significantly better (R2 = 0.99, Fig. ES
), but provides a similar result: Wsp = 0.13 Lf.
The scaling relations above keep similar whether the

rent faults cut through, or not, the entire crust (Fig. ES IV).
Finally, we examine the angle relationships between

e parent and the splay faults (Fig. 1). The maximum

few degrees and � 908 (Fig. 5a), yet peak at 30–508. The
distribution of mean angles shows two peaks, at about 10–
208 and 30–408, and a threshold at � 508 (Fig. 5b). Almost
half of the splay networks trends at an average angle of 10–
208 to their parent fault strike. We note that this measured
mean angle is consistent with the mean angle one might
infer from the two scaling relations described above (tan
(amean) = Wsp/Lsp and hence tan (amean) = (0.09 Lf)/(0.34 Lf),
which yields amean� 158).

4. Discussion

We have shown that off-fault splay networks are found
systematically at propagating fault tips, whereas they are
absent at non-propagating fault ends. This applies to the
broad range of parent fault lengths that we have examined,
and for parent faults being normal, reverse or strike-slip.
Furthermore, the fault tip splay networks show a similar
overall shape, resembling a fan widening in the direction of
the parent fault long-term propagation. These observa-
tions suggest together that tip splay networks are
genetically linked to the along-strike (or along-width)
growth of their parent faults over the long term. We

. 4. (Color online.) Scaling relation between parent fault length and

dth of tip splay network (data from Fig. ES I and Table S2). Lf is the

rent fault’s length, Wsp is the width of the tip splay network at the

pagating parent fault’s tip. (a) For the entire fault population. The

ck line is the best-fitting linear regression whose equation is indicated

 the graph. (b) For the entire fault population discriminated from fault

p mode (colored symbols). The black and the red lines are the best-

ing linear regressions for the dip-slip and the strike-slip fault data,

pectively, whose equations are indicated on the graph. See Fig. ES IIc–d

 power law fits to the data, and Fig. ES IIIb for specific analysis of

rmal fault data.

Fig. 5. (Color online.) Distribution of (a) maximum and (b) mean splay

fault angles relative to average parent fault strike (data from Fig. ES I and
ble 2). See Fig. 1 for angle definition.
gles between splays and parent faults range between a Ta
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etermine scaling relations that additionally show that
oth the length and the width of the tip splay networks are

 systematic, similar fraction of the parent fault length
 0.3 and � 0.1, respectively). The mean angles of the

plays to their parent faults are also systematically in the
ame narrow range (10–208 for the majority, < 508 in all
ases). Therefore, off-fault tip splay networks are a genetic
nd a generic property of faults, indicative of their long-
rm propagation. The sizes of the splay networks and their

eometrical relations with the parent faults are self-
imilar, independent of the length, slip mode, history, and
ontext of the primary faults.

Some of the results above have been suggested in
arlier works, yet from more limited data. In particular, the
n-shaped arrangement of the tip splay networks has

een described on small natural faults (i.e., Lf 10�3–102 m;
.g., Davatzes and Aydin, 2003; de Joussineau and Aydin,
007; Granier, 1985; McGrath and Davison, 1995; Kim
t al., 2003; Segall and Pollard, 1983), and on experimental
nd numerical faults or cracks (e.g., Aranson et al., 2000;
arder and Fineberg, 1996; Mutlu and Pollard, 2008;
tsuki and Dilov, 2005). The genetic relation between off-
ult splays and propagation of parent faults has been

uggested for a few natural faults (e.g., Ellis and Dunlap,
988; Kim et al., 2003; Manighetti et al., 1997, 1998,
001b; McGrath and Davison, 1995; Vermilye and Scholz,
998; Wu and Bruhn, 1994), and from experiments and
eoretical models (e.g., Aranson et al., 2000; Davatzes and

ydin, 2003; Du and Aydin, 1995; Martel, 1997; Moore and
ockner, 1995; Mutlu and Pollard, 2008; Segall and Pollard,
983; Willemse and Pollard, 1998). Angular relations
etween splay and parent faults have also been studied on
atural and experimental faults, generally of small scales.
lthough the definition of splays slightly varies among
tudies (see discussion in Scholz et al., 2010), splays are
und to form acute angles to parent faults, generally < 508

nd most commonly in the range 10–308 (Ando et al., 2009;
ooke, 1997; Davatzes and Aydin, 2003; d’Alessio and
artel, 2004; de Joussineau et al., 2007; Granier, 1985;
artel, 1997; McGrath and Davison, 1995; Moore and

ockner, 1995; Reches and Lockner, 1994; Segall and
ollard, 1983; Willemse and Pollard, 1998), with peak
alues at 17–198 (Ando et al., 2009; de Joussineau et al.,
007). By contrast, the length and width of splay zones
ave not been much discussed in the literature. From
eoretical models or limited observations, it has been

uggested, however, that the length (e.g., Bürgmann et al.,
994; de Joussineau et al., 2007; Kim et al., 2003; McGrath
nd Davison, 1995) and the width (e.g., Davatzes and Aydin,
003; de Joussineau et al., 2007, Vermilye and Scholz, 1998)
f splay zones might scale with parent fault lengths or total
isplacements. The length-to-length, and width-to-length
atios that were suggested are in the range 0.2–0.6 (de
ussineau et al., 2007), and 0.016–0.2 (de Joussineau et al.,

007; Vermilye and Scholz, 1998), respectively. Therefore,
ur results are consistent with those from the few prior
tudies. Yet, since they are based on a much larger dataset
panning a broader range of scales from millimetres to

ousands of kilometres, they generalize the prior observa-
ons and they demonstrate the generic, self-similar
roperties of the tip splay networks.

Differences also exist between our observations and
those from prior studies. The common vision of splays is
that they develop mainly on strike-slip faults (e.g., de
Joussineau et al., 2007; Friedman and Logan, 1970; Granier,
1985; Kim et al., 2003; Martel, 1990; Mutlu and Pollard,
2008; Petit and Barquins, 1988; Rispoli, 1981; Segall and
Pollard, 1983), they are mostly made of extensional
features (e.g., Cooke, 1997; de Joussineau et al., 2007;
Reches and Lockner, 1994), and they form in the extensive
quadrants of the parent faults (e.g., Cooke, 1997; Granier,
1985; Mutlu and Pollard, 2008). Rather, we find that tip
splays form on all faults, normal, reverse and strike-slip (as
observed by McGrath and Davison, 1995), they include
second-order faults that can be normal, reverse or strike-
slip (Fig. ES I, see also McGrath and Davison, 1995), and
they develop in either extensional or compressional
quadrants, sometimes in both (as observed by Willemse
and Pollard, 1998; Fig. ES I).

Tip splay faults have been interpreted to form as a
response to the large stress concentrations, especially
tensile stresses, that exist at fault terminations (e.g., Cooke,
1997; Cotterell and Rice, 1980; Du and Aydin, 1995; Nemat-
Nasser and Horii, 1982; Rispoli, 1981; Segall and Pollard,
1983; Vermilye and Scholz, 1998, 1999; Willemse and
Pollard, 1998; Willson et al., 2007). The amount and
distribution of stresses at fault ends depend on several
factors, including the fault slip mode, the displacement
gradients at fault tips, the variability of fault friction, the
mechanical behavior of the host rocks near the fault tips
(e.g., Bürgmann et al., 1994; Cooke, 1997). The finding of tip
splay networks having generic properties independent of
parent fault scale, slip mode, context, etc., suggests that
either the parent fault tip stress field does not play a
dominant role in the formation of the tip splay faults, or the
parent fault tip stress field also has generic properties
independent of parent fault scale, slip mode, context, etc.
Ando et al. (2009) and Scholz et al. (2010) favor the former
hypothesis and suggest that the formation of at least the
largest splays is driven by regional stresses, not by stress
concentrations at parent fault tips. A number of authors
have actually suggested that splays might form parallel to
the maximum regional compressive stress (e.g., Du and
Aydin, 1995; McGrath and Davison, 1995; Mutlu and
Pollard, 2008; Segall and Pollard, 1983; Vermilye and
Scholz, 1998). Yet the finding that tip splay networks have
self-similar geometrical properties make it unlikely that
they emerge from variable, site-dependent, regional stress
fields. Therefore, we favor the latter hypothesis, and suggest
that self-similar tip splay networks form as a response to
self-similar parent fault tip stress distributions.

It has been shown that distributions of cumulative
displacements along faults have a generic overall shape,
which is basically triangular and generally asymmetric
whatever the fault size, slip mode, context, etc. (e.g.,
Manighetti et al., 2001a, 2009, 2015; Martel and Shacat,
2006; Muraoka and Kamata, 1983; Nicol et al., 2005;
Peacock and Sanderson, 1996; Scholz and Lawler, 2004;
Soliva and Benedicto, 2004, for normal faults; e.g.,
Bürgmann et al., 1994; Farbod et al., 2011; McGrath and
Davison, 1995; Pachell and Evans, 2002; Peacock, 1991, for
strike-slip faults; e.g., Davis et al., 2005; Ellis and Dunlap,
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88; Shaw et al., 2002, for reverse faults). Furthermore,
e displacement-length profiles have been shown to taper

 the direction of long-term fault propagation (e.g., Davis
 al., 2005; Manighetti et al., 2001a). Because static stress

 fault planes is basically inversely proportional to
mulative displacement, static stress must gradually
ry along faults, from being minimal in the zone of
aximum cumulative displacement to being highest at the
her fault end where displacement tapers to zero.
erefore, on-fault static stress must gradually increase

 the direction of parent fault propagation (Manighetti
 al., 2015). Because the envelope shape of displacement-

gth distributions is generic, along fault static stress
adients must also be. To reconcile the on-fault stress
riability with the fairly linear scaling relation that is
served for all faults between their maximum displace-
ent and their length (references in introduction), it has
en suggested that the excess on-fault stresses that result
m the gradual displacement decrease along the fault,

e diffused off the fault, in the host rocks, where they
oduce microscopic and macroscopic ‘‘damage’’ fractures,
ults and possibly other types of deformation (e.g., Cooke,
97; Granier, 1985; Manighetti et al., 2004; Scholz and
wler, 2004). Off-fault stress and strain diffusion might
minantly occur during repeated earthquakes on a fault

.g., Cappa et al., 2014 and references therein; Manighetti
 al., 2005). Yet, although damage might be created
namically during earthquake events, part of the
seismic deformation is irreversible and thus accumu-
es over time to produce permanent deformation. We
ggest that the observed splay faults are part of the
acroscopic, cumulative damage features that progres-
ely form around a parent fault in response to repeated
isodes of coseismic stress and strain diffusion. We
inted out that splay networks are not seen at fault tips
at no longer propagate (due to arrest at a barrier or step

 another fault; e.g., d’Alessio and Martel, 2004; Man-
hetti et al., 2001a, 2004). This might be because
cumulated on-fault displacements are greatest at
rested fault ends (Manighetti et al., 2001a) and therefore,
f-fault stress and strain dissipation is minimal at these
n-propagating tips.
Observations of damage zones in natural fault cases,

periments and theoretical models concur to show that
mage zones migrate with the propagating fault tip (e.g.,
 Joussineau and Aydin, 2007; Faulkner et al., 2011;
anighetti et al., 2004; Otsuki and Dilov, 2005, Fig. 2c).
nsequently, a propagating fault has its trace eventually
nked by a wake of off-fault damage fractures and faults,
d hence by a wake of splay faults. Here, we have focused

 the splay faults closest to the present propagating fault
s. These tip splay networks are thus expected to be the

ost recent damage zone formed during the most recent
isode of fault lengthening. The scaling relation we found
tween parent fault length and width of tip splay
tworks implies that damage zones enlarge as the parent

ult length increases. This proportional growth explains
hy tip splay networks, and more generally damage zones
ve a wedge shape broadening in the direction of long-
rm fault propagation. Because tip splay networks are the
ost recent damage zones, their constitutive splay faults

are inherently immature, and are independent of the
lifetime of their parent fault. This may explain why the
geometric properties of tip splay networks are similar for
faults with different histories.

The way faults lengthen over time is unclear. It seems
that faults grow over the long term through alternating
phases of dominant displacement accumulation, possibly
at constant length, and of dominant lateral propagation,
possibly with little displacement increase (e.g., Bull et al.,
2006; Childs et al., 2003; Giba et al., 2012; Manighetti et al.,
2015; Nicol et al., 2005, 2010; Schlagenhauf et al., 2008).
The times of displacement accumulation at fairly constant
length can be long, up to several 104–106 year (e.g., Bull
et al., 2006; Nicol et al., 2005). During these long phases,
off-fault stresses build up around the fault, and thus
contribute to enhance the growth of the damage splay
faults, both ahead and around the parent fault tips. It is
likely that, at some stage, some of the splay faults might be
large enough to coalesce with the parent fault, which,
consequently, becomes longer (e.g., Manighetti et al.,
2015). In their experimental work, Moore and Lockner
(1995) show that, furthermore, the uneven distribution of
the damage cracks tends to pull the propagating fault tip
slightly away from the overall fault strike (as observed in
Fig. 2c). As a result, the fault steps laterally before it
resumes propagating parallel to its mean strike. Damage
splay faults might thus contribute to both fault lengthen-
ing and fault segmentation (formation of step-overs).

The theoretical models suggest that splay faults may
develop on a significant section of a fault behind its tip,
provided that there exist spatial gradients in on-fault
stresses and/or changes in frictional strength along that
fault section (e.g., Bürgmann et al., 1994; Cooke, 1997). The
fault section with varying stress and friction is referred to as
the fault cohesive end zone, whereas off-fault deformation is
described as the process zone (e.g., Cowie and Scholz,
1992b; Scholz et al., 1993). Up to now, the cohesive end zone
and the process zone have been supposed to be of small size
compared to the parent fault length. In the framework of
these theoretical models, the fault sections that we observe
to be flanked with tip splay networks would be the cohesive
end zones, whereas the tip splay networks would be the
process zones. Yet, contrary to the common vision, both are
found to be of large scale, with a ratio of the cohesive end
zone length to the fault length of � 0.3, and a ratio of the
process zone width to the fault length of � 0.1.

A growing body of evidence suggests that, during an
earthquake, a significant fraction of the coseismic slip is
dissipated off the main rupture plane into the permanent
damage zone that surrounds the fault (e.g., Cappa et al.,
2014 and references therein). We have shown that the
long-term damage zone has a maximum width of � 10% of
the parent fault length. We thus infer that coseismic
dissipation might occur away from a rupture zone as far as
a distance of 10% of the total fault length (that distance is a
maximum, of concern only when the entire fault length is
broken). This suggests that coseismic deformations and
stress transfers might be significant in broad regions about
a principal rupture trace, up to 5 km for a 50-km-long fault
that would be entirely broken, and up to several tens of
kilometres for broken faults longer than 200 km.
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. Conclusions

From the analysis of a dense population of faults with
ariable lengths (from millimetres to thousands of kilo-
etres) and slip modes (normal, reverse, and strike-slip),
e have shown that secondary off-fault tip splay networks

re a genetic and a generic property of faults indicative of
eir long-term propagation. Oblique tip splay networks
rm adjacent to any propagating parent fault tip, and
erefore their identification is a robust evidence of the
ng-term propagation of a fault. We propose that tip splay

etworks are parts of the damage zones that develop off a
ult at intervals along its trace as the fault grows in space

nd time. The tip splays would form the most recent
amage zone.

Additionally, the tip splay networks have self-similar
eometrical relations with the parent fault. Their length
nd width are about a third and a tenth, respectively, of the
arent fault length, whereas tip splay faults commonly
rm a 10–208 acute angle with the parent fault. These

caling relations suggest that elastic properties of host
ocks might be modified at large distances away from a
ult, up to 10% of the fault length. Furthermore, the

imilarity of tip splay networks from ranges of millimetres
 thousands of kilometres and for all slip modes suggests
at splay faults might form similarly at even larger scales,

uch as those concerned with continental rift and oceanic
idge propagation, or propagation of giant plate boundary
ults (e.g., Hubert-Ferrari et al., 2003).

An increasing literature describes splay faults in
ubduction zones, adjacent to the upper tip of the plate
terface (Fig. ES V in supplementary material). It is

ommonly thought that these splay faults are responsible,
t least partly, for tsunami generation during large
ubduction earthquakes (e.g., Moore et al., 2007). We
uggest that the subduction splay faults might form in a
imilar manner to the continental splays that we have
escribed here, the parent fault length being the width of
e seismogenic zone (Wf). If so, we expect that subduction

play faults might develop over long sections of the
ubduction interface (� 30% of Wf) and extend over
istances up to 10% of Wf (Fig. ES V). If these suggestions
re verified, they might provide a guide to anticipate the
xtent of the zones where tsunamigenic faults might be
oked for.
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