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Following an earthquake in a fault zone, commonly the co-seismic rupture length and the slip are measured.
Similarly, in a structural analysis ofmajor faults, the total fault length and displacement aremeasuredwhen pos-
sible. It iswell known that typical rupture length–slip ratios are generally orders ofmagnitude larger than typical
fault length–displacement ratios. So far, however, most of the measured co-seismic ruptures and faults have
been from different areas and commonly hosted by rocks of widely different mechanical properties (which
have strong effects on these ratios). Here we present new results on length–displacement ratios from 7 fault
zones in Holocene lava flows on the flanks of the volcano Etna (Italy), as well as 10 co-seismic rupture length–
slips, and compare them with fault data from Iceland. The displacement and slip data from Etna are mostly
from the same fault zones and hosted by rocks with largely the same mechanical properties. For the
co-seismic ruptures, the average length is 3657 m, the average slip 0.31 m, and the average length–slip ratio
19,595. For the faults, the average length is 6341 m, the average displacement 73 m, and the average length–
displacement ratio 130. Thus, the average rupture–slip ratio is about 150-times larger than the average
length–displacement ratio. We propose a model where the differences between the length–slip and the
length–displacement ratios can be partly explained by the dynamic Young's modulus of a fault zone being
101–2-times greater than its static modulus. In this model, the dynamic modulus controls the length–slip ratios
whereas the static modulus controls the length–displacement ratio. We suggest that the common aseismic slip
in fault zones is partly related to adjustment of the short-term seismogenic length–slip ratios to the long-term
length–displacement ratios. Fault displacement is here regarded as analogous to plastic flow, in which case the
long-term displacement can be very large so long as sufficient shear stress concentrates in the fault.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Faults are complex systems whose growth and general evolution
are still not well understood. Such an understanding, however, is im-
portant for several reasons. One is that seismogenic faults generate all
the devastating earthquakes that occur on Earth. Another is that faults
are major conduits of fluids, be it groundwater, geothermal water, gas,
oil, or magma. The last term, magma, may surprise some, since the
main conduits ofmagma are extension fractures, such as dykes, inclined
sheets, and sills. However, many dykes use faults as parts of their paths,
and many, perhaps most, transform faults are intruded by magma (e.g.
Gudmundsson, 2007). Also, and most importantly in connection with
hazards, the ring-faults of collapse calderas are commonly injected by
magmas to form ring dykes.

Faults normally initiate from ‘flaws’ or weaknesses in the rocks. Such
flaws include fossils, pores, microfractures, joints, contacts, and other
stress raisers. In particular, in layered rocks, faults are often seen to initiate
from sets of joints that were generated when the rock layers themselves
Gudmundsson),
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were formed, such as cooling (columnar) joints, mud cracks (desicca-
tion cracks), syneresis fractures (generated through dewatering and
volume reduction of sediments), and cracks generated during mineral
phase-change fractures, formed when volume is reduced as a result of
mineral phase changes (for example during dolomitisation). In active
areas, joints can commonly be seen to link up into faults, both in lateral
and in vertical sections, during tectonic events (e.g., Gudmundsson,
2011; Larsen and Gudmundsson, 2010). The initiation of faults can
thus be studied in the field, and also analysed in laboratory experiments
on small samples (e.g., Lockner et al., 1991; Peng and Johnson, 1972),
and is reasonably well understood.

The subsequent development and growth of the fault, once initiated,
and its seismogenic activity are less well understood. Various geometric
parameters have been studied, and their relations, in order to throw
light on fault development and growth. These include (Fig. 1) fault
length (strike dimension), fault width (dip dimension), total fault dis-
placement, co-seismic slip in individual earthquake ruptures, and fault
segmentation and segment linkage. One major conclusion is that the
maximum (and mean) displacement on fault scales with the fault
length or strike dimension (e.g., Clark and Cox, 1996; Schlische et al.,
1996). Another conclusion is that the displacement–strike dimension
ratios of faults differ widely from the co-seismic slip–rupture length
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Fig. 1. Schematic illustration for the clarification of the terms strike dimension (fault-
zone length), dip dimension (fault-zone width), displacement (total cumulative fault
displacement), rupture length (co-seismic rupture length), and slip (co-seismic slip).
The fault-zone example is a listric (curved) normal fault. The slip is regarded as recent
and seen at the surface, whereas much of the cumulative displacement is buried (here
we are supposed to see into the uppermost part of the crust, hence see the total cumu-
lative displacement). Since the recent slip adds to the earlier displacement, the dis-
placement does not refer to the same marker layer in the footwall as in the hanging
wall. The layering is arbitrary except that the surface layer is much thicker in the hang-
ing (right) wall of the fault than in its footwall. This difference is common in sedimen-
tary basins and active volcanotectonic rift zones, where the surface sedimentary rocks
or, for rift zones, the volcanic rocks, tend to accumulate and become much thicker in
the hanging wall (or inside the graben in case the normal fault is a boundary fault of
a graben). The scale is arbitrary— but to fit with the main data presented here the max-
imumdisplacement could be about 100 mand themaximumslip about 8 m.Only parts of
the strike dimension and rupture lengths are shown (the vertical section cuts through the
fault), and the rupture length is considerably shorter than the total length of the fault
zone.
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(strike dimension) ratios. In particular, the rupture length–slip ratios
are commonly of the order of 103–4 (Bonilla et al., 1984; Leonard, 2010;
Wells and Coppersmith, 1994) whereas the fault length–displacement
ratios are commonly of the order of 101–2 (e.g., Clark and Cox, 1996;
Schlische et al., 1996). These ratios thus differ by a factor that is normally
of the order of 101–2.

Most of the studied and compared fault and earthquake rupture
populations are from areas with widely different tectonic conditions
and rock properties. Fracture-mechanics solutions (e.g. Broberg, 1999;
Gudmundsson, 2011; Tada et al., 2000) indicate that the above ratios
depend on the loading conditions and, in particular, on the mechanical
properties of the rocks that the faults dissect. Since these properties
vary widely between rocks of different origin and age, that are also
commonly located within different tectonic regimes, it is difficult to
isolate the parameters that primarily control the slip/displacement–
length scaling relations and provide models to explain the relations.

Here we report results of a study of the slip/displacement–length
scaling relations, both for faults and co-seismic ruptures, from a single
comparatively small area, namely the eastern flank of the volcano
Etna, Italy (Sicily). Almost all the studied faults and co-seismic ruptures
dissect Holocene lava flows of essentially the same age and mechanical
properties.We analyse 19 co-seismic ruptures and 7 faults and compare
their geometric characteristics, including the scaling relations. For
comparison, we also present fault data from the Holocene lava flows
in the rift zone of Iceland. Using these data, together with data from
the literature and analytical and numerical models, we provide a gener-
al growth model for faults. This model accounts for the difference in
the slip/displacement–length scaling relations between co-seismic
ruptures and faults and may also partly explain slow earthquakes and
aseismic slip, features that are now known to be very common in active
fault zones.
2. Definitions and previous studies

There have beenmany studies on the various aspects of the geomet-
ric and mechanical characteristics of faults and earthquake ruptures. In
particular, there are many recent books and review papers on these
topics (e.g., Jordan et al., 2003; Scholz, 2002; Turcotte et al., 2007;
Yeats, 2012; Yeats et al., 1996) that provide detailed overview of the lit-
erature. The present summary of previous work is therefore brief.

Before summarising the main relevant previous results, however, a
few definitions are in order. This follows because definitions of some
of the parameters discussed, such as fault length, width, displacement,
and slip, vary somewhat in the literature. In the present paper we use
the following definitions (Fig. 1; cf. Gudmundsson, 2011):

• Fault is a planar discontinuity, a fracture, across which the main rock
displacement is parallel with the fracture plane. A fault is thus primar-
ily a shear fracture (modelled as a mode II or a mode III crack), while
some (particularly normal) faults contain an opening (mode I) com-
ponent and are thus mixed mode.

• Fault zone is a tabular rock body composed of two main hydrome-
chanical units, a core and a damage zone. The core is mainly com-
posed of breccias and gouge and the damage zone primarily of
fractures of various types and trends. The words fault and fault zone
are used interchangeably in this paper.

• Fault length is the strike dimension of the fault, as seen at the surface
or as inferred for the subsurface from (usually geodetic and seismic)
data.

• Fault width is the dip dimension of the fault as observed in the field
(for very small faults) or as inferred from (usually geodetic and seis-
mic) data.

• Fault displacement is the maximum (sometimes the mean) relative
fracture-parallel movement of the fracture walls. Here displacement
is always the total cumulative displacement; not the co-seismic slip
in individual earthquakes.

• Co-seismic rupture length, or simply rupture length, refers to the
strike dimension of the part of an active fault (or fault zone) that rup-
tures during a particular slip and an associated earthquake. Common-
ly, the rupture length is much shorter than the total length of the
fault/fault zone within which the rupture (and earthquake) occurs.

• Co-seismic rupture width, or simply rupture width, refers to the dip
dimension of the part of an active fault (or fault zone) that slipped
during a particular co-seismic rupture and associated earthquake.
For large faults/fault zones the width is the thickness of seismogenic
layer (commonly 10–20 km). The rupture width of small to moderate
earthquakes in large fault zones is normally much smaller than the
total width of the fault/fault zonewithinwhich the rupture and earth-
quake occur.

• Co-seismic slip or simply slip is the displacement associated with the
earthquake rupture. It is either measured at the surface, for a large
earthquake, or inferred from the inversion of geodetic data, or both.

• Controlling dimension, as used in fault modelling, is the smaller di-
mension of the strike and dip dimensions.

There aremany scaling relations for earthquakes. These include the
Gutenberg–Richter frequency–magnitude relation, the Omori relation
for the rate of aftershock production with time since the main shock,
and the Bath's relation, indicating that the difference inmagnitude be-
tween the main shock and the largest aftershock is nearly a constant.
There are also other relations that are not as well established or ac-
cepted (e.g., Turcotte et al., 2007). These relate to the physics of earth-
quakes and the mechanics of rupture propagation.
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Other types of scaling laws refer to the geometric aspects of the
seismogenic faults and how they grow. As regards scaling relations
between co-seismic lengths and slips, compilations of data include
those by Ambraseys and Jackson (1998), Bonilla et al. (1984), De Guidi
et al. (2012), Pavlides and Caputo (2004), and Wells and Coppersmith
(1994). Other recent data on these scaling relations are presented
by Biasi and Weldon (2006), Leonard (2010), Li et al. (2012), and
Manighetti et al. (2009). Similarly, scaling relations between fault
lengths and displacements have been compiled by many including
Clark and Cox (1996), Cowie and Scholz (1992), Gudmundsson (2004),
Li et al. (2012), Schlische et al. (1996), Shipton and Cowie (2001),
Vermilye and Scholz (1998), and Walsh et al. (2002).

All these results show that the slip and displacements scale with the
rupture/fault lengths. But they also show that there are no ‘universal’
scaling laws, neither for length versus displacements on faults nor for
length versus slip on co-seismic ruptures. This is understandable be-
cause, as discussed in subsequent sections in the present paper, the scal-
ing relations between length and slip/displacement depend on the fault
geometry, the appropriate loading (and the type of loading, that is,
mode II, mode III, or mixed mode) and, in particular, the mechanical
properties of the host rock (primarily Young's modulus). Since all
these factors, particularly the mechanical properties, vary between dif-
ferent areas and between individual faults, it would have been surpris-
ing to find any sort of universal scaling laws.

Perhaps the most striking result of these studies is the great differ-
ence between the rupture length–slip ratios and the fault length–
displacement ratios. As indicated above, the rupture length–slip ratios
are commonly of the order of 103–4 (e.g., Bonilla et al., 1984; Leonard,
2010; Wells and Coppersmith, 1994). By contrast, the fault length–
displacement ratios are commonly of the order of 101–2 (e.g., Clark
and Cox, 1996; Schlische et al., 1996). These scaling relations thus differ
by factors that are commonly of the order of 101–2 andmay, occasional-
ly, be of the order of 103.

While these differences in scaling relations between rupture length–
slip and fault length–displacement have been known for some time,
little attempt has been made to explain them. Walsh et al. (2002) sug-
gested that most active faults reach their total lengths rapidly and sub-
sequent slips on the faults simply accumulate while the fault length
does not increase. The main idea of Walsh et al. (2002) is that the
fault lengths are ‘inherited from the underlying structure and estab-
lished rapidly’ and that the near-constant length of the fault during
most of its active lifetime is due to ‘retardation of lateral propagation
by interaction between fault tips’. Since faults grow through segment
interaction and linkage, and since theoretically the maximum stress
concentration normally occurs at the tip of a loaded fracture (e.g.,
Broberg, 1999), it is perhaps not entirely clear in this conceptual
model under what mechanical conditions the lateral propagation and/
or linkage would become retarded or arrested.

Another attempt to explain this difference is through consideration
of the variation in the mechanical properties of the fault zones that,
to a large degree, determine fault displacement and co-seismic slip
(Gudmundsson, 2004). Here the main ideas are, first, that Young's
modulus or the stiffness of a fault zone changes during its evolution;
in particular, that the stiffness of the core and the damage zone normal-
ly decreases with time for an active fault. Secondly, that the dynamic
Young's modulus controls the rupture length–slip ratio, whereas the
static Young's modulus controls the fault length–displacement ratio.
Both ideas suggest that the rupture length–slip ratio may be one to
three orders of magnitude larger than the fault length–displacement
ratio. Gudmundsson (2004), however, does not discuss (1) how the
fault zone grows so as to reach the measured length–displacement ra-
tios, (2) the contribution of aseismic slip and slow earthquakes to the
overall fault displacement and the differences in the above ratios, and
(3) why the lateral tips stop propagating (become arrested) so that
the fault is able to maintain an essentially constant strike dimension
through much of its history. In the present paper, we consider these
three points and show how they, and other factors related to fault
growth, contribute to explaining the difference in the rupture length–
slip and fault length–displacement ratios.

3. Power laws: earthquake magnitudes and fracture lengths

To understand the fault length–displacement and the rupture
length–slip distributions, we must first have an overview of the
length–size distribution of faults and other rock fractures that occur
in fault zones. Measurements worldwide show that the length–size
distributions of rock fractures in general, and those of faults in particu-
lar, commonly follow power-law (heavy-tailed) distributions (e.g.,
Gudmundsson and Mohajeri, 2013; Mohajeri and Gudmundsson,
2012; Turcotte, 1997). An example of the length–size distribution of
fractures in theHolocene rift zone of Iceland (Fig. 2) shows that the con-
sequence of the negative slope is that there are many short fractures
and comparatively few long fractures. These results indicate that the
length–size distributions of faults within fault zones scale in similar
ways as the magnitudes of the earthquakes within these zones, which
are known to follow power laws.

More specifically, the earthquake size or magnitude distributions
in any area, any active fault zone, follow power laws, namely in the
form (e.g., Kasahara, 1981):

N ≥Mð Þ ¼ 10a−bM ð1Þ

which, in seismology, is more commonly written in the form:

logN ≥Mð Þ ¼ a−bM ð2Þ

where N is the number of earthquakes with a magnitude larger than
M, and a and b are constants. Constant b is commonly referred to as
the b-value; its value varies between different active areas and be-
tween different individual fault zones. The b-value is mostly in the
range 0.8 b b b 1.2 (e.g. Turcotte et al., 2007) and is commonly taken
as 1.0. Changes in the b-value are often regarded as precursors to
large earthquakes (Smith, 1981) and, for volcanic areas, precursors to
eruptions (Gresta and Patanè, 1983a,b).

Similar to the size distribution of earthquake magnitudes, there is
commonly a power-law size distribution of the lengths of faults in
seismically active areas in the form:

P ≥xð Þ ¼ cx−γ
: ð3Þ

Here, P(≥x) refers to the number or frequency of fractures with a
length larger than x. In Eq. (3), c is a constant of proportionality and γ
is the scaling exponent. As is the case for earthquake magnitudes, the
power law for fracture lengths can also be presented by taking the log-
arithms on both sides of Eq. (3), in which case the equation becomes:

logP ≥xð Þ ¼ log c−γ logx: ð4Þ

Eqs. (2) and (4) clearly represent a straight line. Indeed, a common
procedure to test if a probability distribution is really a power law is
to log-transform the data, that is, to plot them on a bi-logarithmic
(log–log) plot. If the resulting curve is a straight line, then that is
regarded as a general indication that the data follow a power law. The
slope of the straight line is the scaling exponent γ. Because the number
of objects (here fractures) normally increases as they become smaller
(shorter), the slope is negative. The scaling exponent, however, is de-
fined as the negative of the slope and is thus a positive number. To
find out if a power law best describes the dataset, or if some other func-
tions give a better fit, several different types of tests can be used
(Clauset et al., 2009; Mohajeri and Gudmundsson, 2012). When the
data are plotted using bins of given widths or class limits, then all frac-
tures in a given bin exceed the length x. If the bin width (class limits) of



Fig. 2. Example of length-size distributions of tectonic fractures, here cumulative distribution of 221 tension fractures and normal faults, in the Holocene lava flows of the rift zone in
Southwest Iceland. Inspection of the curve indicates a power-size length distribution. When the fracture lengths are plotted as a log–log (bi-logarithmic) plot the data are seen to be
with a break, so that a double power law fits the distribution better than a single power law. The different slopes on the bi-logarithmic plot represent the different scaling exponents
(Eq. (3)). (a) A cumulative power-law distribution for fracture lengths, and a rose diagram for fracture strike (inset). Total number of tectonic fractures, N, is 221 and their lengths
range from 40 m to 7736 m. (b) A bi-logarithmic plot of the fractures showing the break in the straight-line slope. The estimated coefficients of determination (R2) are indicated (cf.
Gudmundsson and Mohajeri, 2013; Mohajeri and Gudmundsson, 2012).
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200 m is used, for instance, then all fractures longer than 0 m fall into
the first bin, all fractures longer than 200 m fall into the second bin,
all fractures longer than 400 m fall into the third bin, and so on.

The slip/displacement size distributions on faults also commonly
follow power laws (Fig. 3). This is understandable since, for elastic
crackmodels, there is a linear relation between the controlling dimen-
sion – the shorter of the strike and dip dimensions (Gudmundsson,
2011) – and the slip/displacement. Thus, since the length distribution
follows a power law, one could expect the slip/displacement distribu-
tion to do likewise (Fig. 3). For example, for simple through-crack
mode III model of a seismogenic fault, the relationship between fault
displacement Δu and the controlling dimension of the fault is given by
Broberg (1999), Gudmundsson (2011), and Tada et al. (2000) as:

ΔuIII ¼
2τd 1þ νð ÞL

E
ð5Þ
Fig. 3. Displacement–size distribution of 315 normal faults in Iceland. The distribution
follows approximately a power law (Forslund and Gudmundsson, 1992).
for the case where the length or strike dimension (Fig. 1) L is the con-
trolling dimension of the fault, and as:

ΔuIII ¼
4τd 1þ νð ÞR

E
ð6Þ

for the case where the dip dimension R is the controlling dimension of
the fault. In Eqs. (5) and (6), ν is Poisson's ratio, E is Young's modulus,
and τd is the driving shear stress (roughly equal to the earthquake stress
drop).

More specifically, the driving shear stress is defined as the difference
between the shear stress τ on the fault plane and the residual frictional
or shear strength τf on the plane after fault slip (Gudmundsson, 2011;
Nur, 1974), namely as:

τd ¼ τ−τf : ð7Þ

The residual frictional strength is commonly interpreted as being
equal to the third term in the Modified Griffith criterion, which is a
development of the well-known Coulomb criterion and given by
(Gudmundsson, 2011; Nur, 1974):

τd ¼ 2T0 þ μ σn−ptð Þ ð8Þ

where T0 is the in-situ tensile strength of the fault rock, μ is the coeffi-
cient of internal friction, σn is the normal stress on the fault plane, and
pt is the total fluid pressure acting on the fault plane at the time of
fault slip. It is well known that all tectonic earthquakes occur under
high fluid pressure. When the fluid pressure approaches or reaches
the normal stress σn on the fault plane, the term μ(σn − pt) becomes
close to or reaches zero. As said, a common interpretation of the fric-
tional strength is that τf = μ(σn − pt). It follows that, under high
fluid pressure, the frictional strength may be close to or actually zero.

Occasionally, the fluid pressure on the fault plane may be so high as
to make the term μ(σn − pt) negative, which is presumably one reason
why the driving stresses, as inferred from stress drops, for many earth-
quakes are a fraction of amega-Pascal. Generally, the high fluid pressure
on a fault plane reduces the friction and the normal stress (commonly to

image of Fig.�3
image of Fig.�2
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zero) so as tomake fault slip possible at lowdriving shear stresses down
to depths of tens or hundreds of kilometres (such as in subduction
zones).

For large strike-slip faults, R is thewidth or dip dimension of the fault
(Fig. 1), and Eq. (6) is used. A mode II model might be used, however, if
the strike-slip fault dissects a crustal segment with a free surface at the
fault top and bottom, such as would be the case if the fault were located
in the crustal segment above a fluid magma body (Gudmundsson,
2011). Most through-going dip-slip faults are modelled using Eq. (5),
in which case L is the strike dimension (surface length) of the fault
(Fig. 1).

The moment or energy M0 associated with an earthquake is given
by:

M0 ¼ ΔuAG ð9Þ

where, as before, Δu is the (average) slip, A is the area of the co-
seismic rupture, and G is shear modulus or the modulus of rigidity. M0

has the units of energy, that is, Nm in SI units. In earthquakemechanics,
however, dyne-cm is still commonly used. It follows from Eq. (9) that
the energy released in an earthquake scales with the area of the co-
seismic rupture, and thus with the dimensions of the rupture plane.
The moment is also directly proportional to the co-seismic slip Δu.
Thus, the correlations between the dimensions (e.g., the rupture length)
and the slips are of fundamental importance for understanding the en-
ergy released during a seismogenic faulting.

Magnitude scales reflect the energy released during an earthquake.
In particular, the moment magnitude scale relates to the moment, that
Fig. 4. Geological map of the eastern flank of M
Modified from Monaco et al. (2008).
is, the energy released, as given by Eq. (9). Since the moment is di-
rectly proportional to the areas and slips of the co-seismic ruptures,
both of which have power-law size distributions, it follows that earth-
quake size ormagnitude distributionsmust followpower laws, as indeed
they do (Eqs. (1), (2)). Thus, the power-law earthquake-magnitude size
distributions are a direct consequence of the fact that in seismically active
areas (and in individual fault zones) the size distributions of the
earthquake-producing faults themselves follow power laws.

4. Length–slip/displacement distributions

We studied 7 faults and 19 co-seismic ruptures in the eastern flanks
of the volcano Etna in Italy (Figs. 4, 5). The unique aspect of the present
data is, first, that most of the co-seismic length–slip data and the
length–displacement data are from the same faults (Fig. 5). In Fig. 5,
the full dots indicate cumulative total displacements, whereas the
empty dots represent co-seismic slips. Secondly, nearly all the faults dis-
sect the same Holocene lava flows on the east flanks of Etna (Fig. 4) so
that themechanical properties of the rocks hosting the faults are gener-
ally very similar.

Consider first the length–displacement ratios of the 7 faults (Fig. 5).
All the faults except one are primarily dip slip or, more specifically, nor-
mal faults. The one exception is a sinistral strike-slip fault. In addition,
one of the normal faults has a dextral component. The lengths or strike
dimensions of these faults range from 1150 m to 12,950 m, with an
average length of about 6341 m. The maximum displacements on the
faults range from 8 m to 190 m, with an average maximum displace-
ment of about 73 m.
t. Etna and location of the faults studied.

image of Fig.�4


Fig. 5. Displacements/slips on faults and seismogenic ruptures ordered according to a
possible progressive relative age of activity. Empty and full dots indicate coseismic and
cumulative displacements, respectively. Abbreviations: STF: Santa Tecla fault; AF: Acireale
fault; NF: Nizzeti fault; SGF: S.Alfio-Guardia fault; PF: Pozzillo fault; PF: Pernicana fault;
SLF: San Leonardello fault; SVFZ: Santa Venerina fracture zone; FFZ: Fiandaca zone. For
location see Fig. 4.
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The length–displacement ratios range from 42 to 362, with an aver-
age value of about 130. Thus, the largest length–displacement ratio is
about 8.6-times larger than the smallest one. The two smallest length–
displacement ratios, 42 and 46, belong to the normal fault with the dex-
tral component (and thus a mixed-mode fault) and to the sinistral
strike-slip fault. All the other ratios are obtained from essentially pure
normal faults.

The co-seismic ruptures belong to 5 of the faults discussed above,
as well as to 3 additional diffuse fracture zones. These 3 fracture zones
have no cumulative fault displacements at the surface and are thus
distinguished from the faults (all of which have cumulative surface
displacements, as indicated above). Two of the faults have not been
subject to recent earthquakes and are therefore not shown with
co-seismic length–slip ratios (Fig. 5). The co-seismic ruptures range
in length from 100 m to 6500 m, with an average rupture length of
3657 m. The co-seismic slips range from 0.03 m (3 cm) to 1.08 m,
with an average slip of about 0.31 m (31 cm).

The co-seismic length–slip ratios range from1333 to 87,500,with an
average length–slip ratio of 19,595. This means that the largest length–
slip ratio is about 66-times larger than the smallest ratio. Also, the aver-
age length–slip ratio is about 150-times larger than the average length–
displacement ratio. Thus, they differ by about two orders of magnitude.

Clearly, the maximum length and the average length of the co-
seismic ruptures are much smaller than those of the associated faults.
This is understandable since, normally, only a part of a fault or a fault
zone ruptures during an earthquake (Fig. 1); the entire fault zone
ruptures the largest earthquakes that the fault zone is capable of
generating. The power-law size distribution of earthquake magnitudes
(Eqs. (1), (2)) applies also to individual fault zones, as does the
power-law size distribution of the fractures and faults within that
fault zone (Eqs. (3), (4)). Similarly, the maximum co-seismic slip and
the average slip are much smaller than the maximum displacement
and the average displacement on the faults.
5. Fault growth

Faults, like other rock fractures, grow by the accumulation of dis-
placement or slip events. Eqs. (5) and (6) show that, for constant
Young's modulus E and Poisson's ratio ν, the ratio between the con-
trolling dimension of the fault, that is, either the strike dimension or
the dip dimension (L or R), and its displacement/slip should be con-
stant so long as the driving stress (here τd) is constant. These results
apply to through-the-thickness or through-crack models, as given by
Eqs. (5) and (6). However, a part-through crack model yields essen-
tially the same results.

Consider, for example, a dip-slip fault where the dip dimension R
controls the displacement. Most of the faults considered here are dip-
slip faults, and for the small slips observed during most of the co-
seismic ruptures, the fault is unlikely to have penetrated the entire
seismogenic layer, and should therefore be modelled as mode II
part-through crack. For such a crack model, the displacement ΔuII is re-
lated to the dip dimension R of the fault through the equation (Tada et
al., 2000; cf. Gudmundsson, 2011):

ΔuII ¼
4τdRV

E
ð10Þ

where the function V is given (using radians) by:

V ¼
1:46þ 3:42 1− cos

πR
2T

� �� �

cos
πR
2T

� �� �2 ð11Þ

where T is the total thickness of the elastic crustal segment hosting the
fault zone. For most major fault zones, T would be roughly equal to the
thickness of the seismogenic layer (commonly 10–20 km). Again, in
Eq. (10) we see that there is a linear correlation between length and
slip/displacement. Thus, for elastic crack models, there should be a lin-
ear correlation between the slip/displacement on a fault and the size
of its controlling dimension.

Whether the correlation between the controlling dimension, partic-
ularly the strike dimension, and slip/displacement on faults is actually
linear or nonlinear has been the matter of discussion for many years
(e.g. Cowie and Scholz, 1992; Gillespie et al., 1992; Leonard, 2010;
Schlische et al., 1996). There have also beenmany studies on the relation
between the earthquake energy release or moment (Eq. (9)) and the
controlling dimensions (strike or dip) of the co-seismic rupture planes
(e.g., Kagan, 2002; Romanowicz and Ruff, 2002). Many of these works
have focused primarily on the relationship or scaling with the rupture
length (strike dimension). However, so long as the slip/displacement
is in accordance with elastic fracture-mechanics models (Eqs. (5), (6),
(10)), it should be the smaller of the strike and dip dimensions, the con-
trolling dimension (Gudmundsson, 2000), that has the greater effect on
the fault displacement.

Studies indicate that some faults are close to circular in geometry, in
which case the strike and dip dimensions are equal in size so that either
can be regarded as the controlling dimension (e.g., De Guidi et al., 2012;
Nicol et al., 1996). For other (but fewer) faults the controlling (smaller)
dimension is the strike dimension,while for many faults the dip dimen-
sion is the smaller and thus the controlling dimension. The length–slip/
displacement scaling would show the correct relation for circular and
strike-dimension controlled faults, but rather less so for the common
dip-dimension controlled faults.

While faults grow through the accumulation of slip, the relation be-
tween the accumulated slip and the fault expansion (increase in strike
and dip dimensions) remains unclear. When all the faults are young
anddissect the same rockunit, there is sometimes a good correlation be-
tween the strike dimension and the fault displacement (Gudmundsson,
2000, 2005). For example, Holocene normal faults in Iceland show a
strong linear correlation between the maximum vertical displacement
and the strike dimension (Fig. 6). There are also linear correlations be-
tween the lengths of the co-seismic ruptures and their slips, as well as
between the lengths of the faults and their displacements for the Etna
faults. The linear correlations are significant for the Etna faults and
co-seismic ruptures (Fig. 5), although somewhatweaker (the linear cor-
relation coefficient r = 0.6 for both the ruptures and the faults) than for
the Holocene faults in Iceland.
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Fig. 6. Linear correlation between Holocene displacement and length (strike dimen-
sion) of 26 normal faults from the rift zone of Iceland (Gudmundsson, 2000).

Fig. 7. Compilation of stress drops versus magnitude for 175 earthquakes in Etna.
Data are from Giampiccolo et al. (2007), Imposa (2008), and Patanè et al. (1995).
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Faults grow partly through the accumulation of seismic slip events,
and partly through accumulation of aseismic slip events. The seismic
slip events, such as in Fig. 5, are well documented and we shall first
look at these. It is clear from the data presented here (Fig. 5) that the
seismic slip in a particular fault zone is not related to the accumulated
or cumulative slip in that fault zone at the time of the earthquake.
Thus, the co-seismic length–slip ratios donot correlatewith the existing
length–displacement ratios. For example, fault SGF with a length–
displacement ratio of 108 has co-seismic length–slip ratios from 5560
to 87,500, whereas fault SLF with a length–displacement ratio of 362
has co-seismic length–slip ratios from 3472 to 11,429, a much smaller
range and a much smaller maximum.

Part of the growth of a fault is through aseismic slip (sometimes
referred to as creep). Aseismic slip is very common on faults (e.g.,
Galehouse and Lienkaemper, 2003; Jordan et al., 2003; McFarland et
al., 2009; Peng and Gomberg, 2010; Rolandone et al., 2008; Sleep
and Blanpied, 1992). In this context, part of the aseismic slip may be
referred to as afterslip, the slip following the main seismic event.
Afterslip is normally partly seismic and partly aseismic.

Given this information, we now propose to explain the difference
between the co-seismic length–slip ratios and the length–displacement
ratios on fault zones (Fig. 5). If we take Eqs. (5) and (6) as the basic
fracture-mechanics models for through faults (for part-through faults
the basic models would be Eqs. (10), (11)), then there are clearly four
factors that could affect the differences in these ratios: namely, the driv-
ing shear stress (τd), the size of the controlling dimension (R or L),
Poisson's ratio (ν), and Young's modulus (E).

The driving shear stress corresponds roughly to the stress drop asso-
ciated with a seismogenic slip and is commonly in the range of 0.1–
10 MPa, the overall general range being around 0.03–30 MPa
(Kanamori and Anderson, 1975; Scholz, 2002). The stress drops for 175
earthquakes in Etna are shown in Fig. 7. For the Etna earthquakes, the
stress drops range from about 0.1 MPa to about 10 MPa, with most
values between 0.5 MPa and about 5 MPa. As is observed in other active
areas, the stress drop does not show any clear relationship with the
earthquake magnitudes, which range mostly from about M1 to M4.
The difference between the co-seismic length–slip ratios and the
length–displacement ratios are thus unlikely to be primarily related to
differences in driving shear stress or stress drop.

The size of the controlling dimension clearly affects the slip/
displacement for given driving stresses and mechanical properties
(Eqs. (5), (6)). However, many and perhaps most faults reach their
final strike dimension comparatively rapidly and do not propagate
laterally beyond that length. This is well known from active rift zones,
such as in Iceland, where many large Holocene normal faults have
reached lengths that do not change during rifting episodes (e.g.
Gudmundsson, 2005), and similar observations have been made of
faults elsewhere (Walsh et al., 2002). The dip dimension, however, is
likely to increase in size until it reaches the thickness of the seismogenic
layer, which is commonly 10–20 km in continental areas.

Poisson's ratio is similar for rocks of various types, generally be-
tween 0.15 and 0.30, the most common value being around 0.25
(Gudmundsson, 2011). There is thus little reason to expect variations
in Poisson's ratio to be a significant contribution the difference be-
tween ratios of length–slip of seismogenic ruptures and ratios of
length–displacement of existing faults.

In contrast to the small variation in Poisson's ratio, Young'smodulus,
E, varies widely inside fault zones and between rock layers and units in
general. Young's modulus is a measure of stiffness, that is, how much
force/stress on a material body is needed for a given displacement/
strain. It follows that soft or, more correctly, compliant materials such
as many sedimentary rocks and highly fractured rocks have a relatively
low Young's modulus, whereas stiff rocks, such as many dense and
non-fractured igneous and metamorphic rocks, have a comparatively
high Young's modulus.

There are some general statements that may be made about
Young's modulus and its measurements, namely the following:

(1) The dynamic modulus for a given rock body or specimen is nor-
mally greater than the static modulus, the difference being as
much as 13-times (Goodman, 1989). The greatest difference is
normally at low confining pressure, that is, at shallow crustal
depths. The static modulus is suitable for modelling processes
that are slow in comparison with the velocities of propagation
of seismic waves, that is, much slower than kilometres per sec-
ond. By contrast, the dynamic modulus is suitable for modelling
co-seismic ruptures.

(2) Laboratory measurements on small samples, dynamic or static,
are commonly 1.5 to 5-times greater than the in-situ or field
modulus of the same type of rock (Heuze, 1980). More specif-
ically, the laboratory modulus of rocks is commonly 3-times the
field modulus (Fjaer, 2009; Gudmundsson, 2011; Heuze, 1980;
Ledbetter, 1993).

(3) When themean stress increases, that is, at greater crustal depths,
Young's modulus also generally increases (Heuze, 1980). By
contrast, increasing temperature, porosity and water content all
decrease Young's modulus.
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(4) At shallow crustal depths, particularly in tectonically active areas,
the most important effect on the magnitude of the field Young's
modulus is the number of fractures per unit volume of the rock
mass (e.g., Priest, 1993). Young's modulus of a rock mass is nor-
mally less than that of laboratory sample of the same type of
rock. This difference is mainly attributed to fractures and pores
in the rockmass,which do not occur in the small laboratory sam-
ples.

(5) The ratio Eis/Ela (E in situ/E laboratory) shows an exponential or
a power-law decay as the frequency of fractures increases. Be-
cause of this, it is also clear that the effects of increasing fracture
frequency is greatest in the beginning, that is, in the range of
2–10 fractures per metre. Thus fracturing normally decreases
Young's modulus.

Fault zones consist of twomain hydromechanical units: a core and
a damage zone (Fig. 8; e.g., Bruhn et al., 1994; Caine et al., 1995;
Gudmundsson et al., 2010). The core takes up most of the fault dis-
placement and contains many faults and fractures, though normally
much smaller than in the fault damage zone. The characteristic fea-
tures of the core, however, are breccias, gouge, and other cataclastic
rocks. In active fault zones, the core rock is commonly crushed and al-
tered into a soft material that can fail as brittle only during the high
strain rates associated with seismogenic faulting. As the core de-
velops, its cavities and fractures may become gradually filled with
secondary minerals, thereby making the core stiffer. However, during
fault slip the core has a granular-media structure at the millimetre or
centimetre scale. In major fault zones, the core thicknesses may reach
from several metres to tens of metres.

The damage zone contains breccias but is primarily composed of
sets of fractures that normally increase (regularly or irregularly) in
frequency on approaching the fault core. It follows that in the damage
zone the effective Young's modulus, which depends strongly on the
fracture frequency (Priest, 1993), tends to decrease towards the
core. In an active fault zone, the fault gouge and breccia of the core it-
self would also normally have a low Young's modulus, commonly
similar to that of clay, weak sedimentary rocks, or pyroclastic rocks
such as tuff (Bell, 2000; Gudmundsson, 2011; Heap et al., 2009;
Hoek, 2000).
Fig. 8. Schematic illustration of a fault core and fault damage zone in a normal fault. The
core is mainly composed of breccia and gouge whereas the damage zone is characterised
by fractures that vary in frequency (the frequency generally decreases) with increasing
distance from the core. The thickness of the breccia/gouge normally varies along the
fault plane.
Modified from Gudmundsson (2005).
As the fault displacement increases so does the thickness of the
fault zone; both the thickness of the core (Fig. 9) and the thickness
of the damage zone (Gudmundsson et al., 2010). More specifically,
as the fault zone grows there will be gradually thicker zones of brec-
ciated and fractured fault rocks within the fault zone. Because the
fault rocks constituting the damage zone and the core are normally
soft in comparison with the host rocks, it follows that the stiffness
of an active fault zone decreases with time.
6. Explanation of the length–slip/displacement ratios

One remarkable observation is that the length–slip and length–
displacement ratios on the same fault are commonly widely different
(Fig. 5). More specifically, the co-seismic rupture has normally a
completely different length–slip ratio from the general length–dis-
placement ratio of the fault zone within which the earthquake occurs.
Since the equations controlling both ratios are the same, namely
Eqs. (5), (6), and (10) or, depending on the exact fault geometry,
other similar fracture-mechanics equations (e.g. Tada et al., 2000), it
follows that somehow the mechanical properties that control the dif-
ferent aspect (length–slip/displacement) ratios must be different.

We have concluded above that the most likely property to vary
during the evolution of a fault zone is its effective stiffness or Young's
modulus. The first difference among effective stiffnesses relates to the
dynamic and static Young's moduli. We have suggested that during
an earthquake rupture, it is the dynamic Young's modulus that con-
trols the co-seismic length–slip ratio. By contrast, the long-term
length–displacement on the same fault is controlled by the static
Young's modulus. As we have seen above, these moduli can, particu-
larly at shallow depths (where most co-seismic ruptures are mea-
sured), easily differ by an order of magnitude.

The difference between static and dynamic Young's moduli, how-
ever, can be even greater. In active fault zones the inner part of
the damage zone and the core itself may be very compliant (soft)
(Fig. 8). It is this very soft core and the innermost part of the damage
zone that determine the long-term length–displacement ratio. For
soft breccias and gouge in the core, and highly fractured innermost
parts of damage zone, the static Young's modulus may be 0.1 GPa or
less (Gudmundsson, 2011), whereas the dynamic modulus control-
ling the co-seismic length–slip ratio may reflect and be controlled
by the dynamic Young's modulus in other parts of the fault zone,
such as the inner or outer damage zone, and be one or two orders
of magnitude higher.
Fig. 9. Variation in the thickness of fault core as a function of vertical displacement on
28 Pleistocene and late Tertiary normal faults in Iceland. The linear correlation coefficient
r = 0.78. However, a non-linear curvemight fit the data better, and suggests that the rate
of fault–core thickness increase slows down as the fault displacement increases (Forslund
and Gudmundsson, 1992).
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Fig. 10. Schematic illustration of fault growth through accumulation of seismic and
aseismic slips. Length is strike dimension and width is dip dimension. Normally, only
a part of a fault ruptures during a seismic or aseismic slip. The ratio between the
fault length and maximum displacement is generally much smaller than the ratio be-
tween the rupture length and slip during individual slip events (cf. Fig. 1).
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The basic conceptual model proposed here is as follows. Following
a co-seismic slip controlled by the dynamic Young's modulus of the
ruptured part of the fault zone, the final displacement adjusts to the
long-term or static Young's modulus in the core and the innermost
part of the damage zone. This adjustment is largely through aseismic
slow-slip processes (cf. Peng and Gomberg, 2010). Some adjustment
may be through aftershocks, but those would be controlled by the dy-
namic Young's modulus, so that the aspect ratio of length to slip
would remain basically the same. In the present model, the main ad-
justment is through aseismic (slow) slip (including afterslip) and the
associated general ‘creep’.

There are many terms in current use that may, depending on how
they are interpreted, refer to aseismic slip. One of these is ‘slow earth-
quake’, another is creep in the uppermost part of the fault zone, and
the third one is ‘slow-slip pheomena’ (Galehouse and Lienkaemper,
2003; Jordan et al., 2003; McFarland et al., 2009; Peng and Gomberg,
2010; Rolandone et al., 2008; Sleep and Blanpied, 1992). Part of the
aseismic slip occurs through ‘afterslip’ and part through ‘creep’, but
here we refer to all these aseismic slip processes simply as aseismic
slip. Aseismic slip is very common. It is estimated that in subduction
and transform zones, around 50% of the slip is aseismic (Stein and
Wysession, 2003; cf. Peng and Gomberg, 2010).

In the model proposed here, aseismic slip is a partly the result of a
‘correction’ or adjustment of the slip to that whichwould have occurred
if the dynamic Young's modulus controlling the co-seismic slip was
equal to the static modulus of the core and the innermost part of the
damage zone. In this sense, the model is analogous to an elastic–plastic
model where to the initial elastic strain or displacement there is gradu-
ally added viscous strain. The latter, in this case, is the aseismic slip for
adjustment to the long-term static Young's modulus. Similar models
may be based on the theory of viscoelasticity rather than elastic–plastic
models. Thus, following each co-seismic slip there will be an aseismic
slip on the fault that is controlled by the static modulus of its core and
innermost damage zone that gradually brings the original length–slip
ratio closer to the general length–displacement ratio.

In some ways, there is hardly any limit to the cumulative displace-
ment that can occur on a fault. The analogy with dyke injections is
clear. In a swarm of dykes, the dilation or opening may range, in tra-
verses or profiles of kilometres or more, from less than 1% to 100%
(Gudmundsson, 2011, 2012). The ophiolites and swarms of inclined
(cone) sheets commonly reach 80–100% dilation, indicating that almost
the entire rock is composed of dykes/sheets. Since the swarms are of
limited extent – usually several kilometres for cone sheets and tens or
hundreds of kilometres for dyke swarms – it is clear that a single
swarm can have a very low length/opening displacement (cumulative
thickness) ratio, just like faults.

The question remains, however, as towhy faults stop propagating lat-
erally while accumulating increasing displacement. The main reasons
must be, first, the unfavourable changes in the local stress field at the
tips, favouring arrest of the lateral propagation of the fault and, second,
that the limited energy available for the fault propagation is used for in-
creasing its displacement rather than length (cf. Gudmundsson, 2012).
As the damage zone and core of a fault evolve, it becomes gradually easier
for the fault to slip within the existing core/damage zone rather than to
develop new segments or extensions at one or both its lateral ends.
Many faults dissipate their energy through creep; others dissipate their
strain energy most easily in the core and damage zone rather than
through lateral extensions into new and largely non-fractured host rocks.

No transverse faults or other discontinuities are needed to limit the
lateral growth of a fault. In fact, the common power-law size distribu-
tions of fault lengths, and fracture lengths in general, show that most
fractures stop their propagation after reaching a comparatively short
length (Fig. 2). More specifically, in any rift-zone segment with many
faults, most of the faults remain short, and with small displacements,
in comparisonwith the longest fault (Figs. 2, 6). After this comparative-
ly short length is reached, the fault may still continue to grow and
change its geometry thorough accumulation of slip resulting in a grad-
ually increasing displacement and a decreasing length–displacement
ratio (Fig. 5).

7. Discussion

The essential function of faults is to accumulate displacement or
strain; in other words, to allow the brittle or quasi-brittle crust to de-
form. Most earthquakes and slips occur on existing faults (Fig. 10);
the formation of new faults is much less frequent than the slip on old
faults. It is well known that even if the local stress field changes so
that an existing fault is no longer optimally orientated in relation to
the principal stresses, slips and earthquakes tend continue on the fault
long after it becomes unfavourably oriented (e.g., Faulkner et al.,
2006; Sibson, 1990). This is partly because faults are weak – tolerate
less shear stresses before failure or slip than the surrounding ‘intact’
host rock – and partly because faults tend to concentrate stresses, that
is, they are stress raisers.

Most active fault zones are mechanically weak in the sense that
they tolerate less shear stress before slip than their surroundings (e.g.,
Hickman et al., 2007; Zoback, 1991; Zoback et al., 2011). One obvious
reason for the weakness is that a typical fault damage zone and core is
composed of weak rocks; in particular the core contains soft breccias,
clays, and, in the San Andreas fault, talc. Stress measurements indicate
that close to active faults, such as San Andreas, the differential stress is
comparatively low, in agreement with the faults being weak (Zoback
et al., 2011). Because the fault damage zone and core are composed of
rocks with mechanical properties that are normally widely different
from those of the host rock, fault zones concentrate stresses, both in
the damage zone and the core and at the contacts between the damage
zone and the host rocks (e.g., Gudmundsson et al., 2010). This follows
because a fault zone acts as an elastic inclusion or inhomogeneity that,
because its mechanical properties are different from those of the host
rock, concentrates stresses and modifies the local stress field (e.g.,
Eshelby, 1957; Gudmundsson, 2011; Savin, 1961).

These considerations indicate that, once formed, a fault zone tends
to be reactivated even if it is unfavourably oriented in relation to the re-
gional stress field so long as the fault is located within an active area.
Thus, in any given active area, existing faults will accommodate nearly
all the brittle shear deformation. In the presentmodel, this accommoda-
tion is partly through seismogenic slip (Figs. 1, 10), and partly through
aseismic slip. The seismogenic slip is controlled by the dynamic moduli,
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whereas the aseismic slip is mostly controlled by the static moduli.
Since the static moduli is commonly one-tenth of the dynamic moduli,
and the difference may be much greater between the fault core and in-
nermost part of the damage zone (which control the static displace-
ment), on the one hand, and the outer part of the damage zone, on
the other hand, the static (long-term) rupture length–slip ratio is com-
monly of the order of 102-times the fault length–displacement ratio. In
this model, part of the aseismic slip is thus due to adjustment of the dy-
namic, short-term rupture length–slip ratio to the static, long-term fault
length–displacement ratio.

This model indicates that much of the shear strain is accommodated
through fault displacement rather than through increasing fault length.
All faults of course have finite lengths (Figs. 1, 10). But it follows from
the common power-law length distribution of faults that most faults
in any population are short in relation to the longest fault (Fig. 2).
The present results (Figs. 5, 6), as well as other studies of faults (e.g.,
Walsh et al., 2002), indicate that displacement can accumulate on a
fault during rupture events while the fault strike-dimension increases
very little or not at all. To explore further how this happens, the follow-
ing points related to the mechanics of faulting should be mentioned:

1. Fault slip occurs in response to stress concentration. The slip relaxes
the driving shear stress that has concentrated at and around the
fault before the slip. Following the slip all bending stresses in the
walls of the fault along its flat-elliptical slip profile (Figs. 1, 10;
Gudmundsson, 2011; Yeats et al., 1996) gradually become relaxed.

2. It follows from the power-law size distribution of fracture lengths in
general (Fig. 2; Mohajeri and Gudmundsson, 2012; Turcotte, 1997)
thatmost co-seismic slips in a fault zone are associatedwith ruptures
that are much smaller than the dimensions of the fault zone as a
whole (Figs. 1, 10). ‘Small’ here refers to both the strike dimension
and the dip dimension of the ruptures in relation to the same dimen-
sions of the fault zoneswithinwhich the ruptures occur. The damage
zone and fault core of an existing fault zone are much easier to rup-
ture than the ‘intact’ host rock, so that for most co-seismic slips in a
fault zone there is no tendency to increase the strike or dip dimen-
sions of the fault zone as a whole.

3. Even for a large co-seismic ruptures, there is normally little tendency
for a fault that has reached a certain length to continue to grow lat-
erally. This follows because it requires much more energy to propa-
gate the lateral ends into the host rock and rupture it rather than
dissipate the energy through slip within the already existing fault
zone. Thus, it is the energy available (Eq. (9)) to drive the slip that
determines its size. But it is also the general elastic energy (strain
energy and work; cf. Gudmundsson, 2012) that determines how
large the strike dimension of the fault zone can become.

4. The energy available during co-seismic rupture is related to thework
done on the fault zone. When the fault-zone boundaries move as a
result of plate-tectonic loading, there is work done on the fault
zone by its surroundings. This work increases the internal energy
of the fault zone. This internal energy, partly stored as strain energy,
together with the work associated with the movements of the
fault-zone boundaries during rupture are the main energy sources
available for driving the rupture propagation (cf. Gudmundsson,
2012).

5. An active fault zone with a breccia/gouge fault core and highly frac-
tured damage zone (Fig. 8) has a very low long-term shear strength.
The short-term strength relates to the intrinsic shear strength of the
fault rocks, aswell as to notches and jogs, asperities, thatmay tempo-
rarily lock the fault. The long-term strength of the fault, however, is
commonly low and as soon as the yield strength is reached the
fault can flow as a ductile or plastic material. This low strength
makes many, perhaps most, faults weak (e.g., Zoback, 1991; Zoback
et al., 2011). The accumulation of displacement along a fault of a
given length is thus analogous to plastic flow; so long as the yield
stress or strength is reached, the flow can continue. That faults are
analogous to plastic yield follows directly from themain fault criteri-
on, namely the Coulomb-criterion— and also from theModifiedGrif-
fith version of that criterion (Eq. (8)). The Coulomb criterion was
originally derived for granular (plastic) materials and may be
regarded as a generalisation (with mean stress or depth taken into
account) of the well-known Tresca criterion for plastic yield (Chen,
2008; Gudmundsson, 2011).

8. Summary and conclusions

The difference between the short-term co-seismic rupture length–
slip ratios, on the one hand, and the long-term length–displacement ra-
tios of fault zones, on the other, has been known for many years. Little
attempt, however, has been made to explain these differences in terms
of mechanics of faulting. Here we propose an explanation of the differ-
ence between these ratios in terms of a general model on fault growth.
The main conclusions of this paper may be summarised as follows:

• Co-seismic rupture length–slip ratios are commonly of the order of
103–4. This means that for a measured maximum seismogenic slip of
1 m, the strike dimension or length of the associated earthquake
rupture would commonly be from one to tens of kilometres.

• Fault length–displacement ratios are commonly of the order of 101–2.
This means that for a maximummeasured displacement of 10 m, the
strike dimension or length of the associated fault would commonly
be from a fraction of a kilometre to several kilometres. For both
co-seismic ruptures and faults the slips/displacements refer to the
maximum values, which are commonly somewhere near the centre
of the rupture/fault (Figs. 1, 10).

• Newdata on slips and lengths of 19 co-seismic ruptures and displace-
ments and lengths of 7 faults on eastern theflanks of the volcano Etna,
Italy, are presented. Most of the co-seismic and displacement data
are from the same faults, and nearly all the faults dissect the same
Holocene lava flows, so that the mechanical properties of the rocks
that the faults dissect are generally similar. Most of the faults are nor-
mal faults.

• The lengths of the 19 co-seismic ruptures range from100 m to 6500 m
(average 3657 m), and the slips range from 0.03 m to 1.08 m (average
of 0.31 m). The length–slip ratios range from 1333 to 87,500, with an
average of 19,595.

• The lengths of the 7 faults range from 1150 m to 12,950 m (average
6341 m), and the displacements range from 8 m to 190 m (average
73 m). The length–displacement ratios range from 42 to 362, with an
average of 130. It follows that the average rupture–slip ratio is about
150-times larger than the average length–displacement ratio.

• We propose a conceptual model whereby the large differences be-
tween the length–slip and the length–displacement ratios are partly
explained by the difference in the dynamic and static Young's modu-
lus of the fault zones. For a given fault zone, dynamic modulus may be
101–2-times larger than the static modulus, particularly close to and at
the surface where most slip and displacement measurements are
made. More specifically, we suggest that, commonly, it is the dynam-
icsmodulus of the outer damage zone that controls the length–slip ra-
tios whereas the static modulus of the inner damage zone and the
core controls the length–displacement ratio.

• In this model, part of the common aseismic slip (slow earthquakes,
creep) in fault zones is due to adjustment of the short-term
seismogenic length–slip ratio to the long-term (and partly aseismic)
length–displacement ratio. The long-term fault displacement is
regarded as analogous to plastic flow, and the long-term displacement
can be very large so long as sufficient shear stress concentrates on the
fault.

• Faults may be regarded as elastic inclusions, that is, rock bodies with
mechanical properties (of the core and damage zone) that differ
from those of the host rock. When subject to loading (stress, displace-
ment, pressure) all inclusion concentrate stresses andmodify the local
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stress field. Consequently, faults tend to concentrate stresses and re-
main active even if they are not optimally orientated with reference
to the regional stress field. Active faults continue to accumulate dis-
placement while their lateral growth tends to come to an end early
during their lifetimes. If follows that the length–displacement ratio
of the fault may gradually decrease so long as it remains active.
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