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a b s t r a c t

We present field data from segmented normal faults having particular displacement and overlapping
geometries that may be related to down-dip branching of the fault segments. Based on a 3-D numerical
modeling study of computed displacement and stress fields around different geometries of down-dip
branched normal fault segments, we show that the bends of fault surfaces that coalesce at depth exert
a significant influence on (1) the displacement distribution on the fault segment branches and (2) the
quasi-static stress fields around the relay zones. The asymmetry in the displacement profiles and low
fault interaction at relay zones modeled are consistent with the fault segment geometries observed in
field data. As an application, we model the geometry and interaction of the Vallo di Diano normal fault
which is segmented at the Earth’s surface and which produced an earthquake of magnitude 6.4 along
a single fault surface at depth. Numerical modeling of the segmented fault produces an asymmetric
displacement profile and low shear stress at the relay zone consistent with the profile and fault inter-
action inferred from the field. We conclude that asymmetry of the displacement profile and large
overlap/separation ratio of the unlinked relay zone can be indicators of the presence of a continuous fault
surface underneath. These geometrical attributes are therefore important to consider in the probabilistic
analysis of seismic hazard along segmented normal faults.

! 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The three-dimensional (3-D) geometry of faults has been
described fromhigh-resolution seismic surveys (e.g. Koledoye et al.,
2000, 2003; Kattenhorn and Pollard, 2001; Benedicto et al., 2004)
showing that faults are discontinuous and segmented in three
dimensions. During their growth, fault segments can propagate
from multiple initiation points to form relay ramps and subse-
quently link to constitute a single coalesced corrugated fault
surface (Peacock and Sanderson, 1991; Mansfield and Cartwright,
1996; Crider and Pollard, 1998; McLeod et al., 2000; Gupta and
Scholz, 2000; Cowie and Roberts, 2001; Kattenhorn and Pollard,
2001; Marchal et al., 2003). An alternative model of fault
segmentation development proposes the bifurcation of a fault into
multiple fault segment branches apparent as separated and
unlinked on a two-dimensional (2-D) inspection plane (Huggins

et al., 1995; Childs et al., 1996; Nicol et al., 1996; Willemse, 1997;
Vermilye and Scholz, 1999; Marchal, 1997; Marchal et al., 2003;
Walsh et al., 2003a). This style of segmentation is frequently sug-
gested from earthquake rupture of multiple fault segments of
length much smaller than the thickness of the seismogenic crust
(e.g. Wallace et al., 1984; Philip et al., 1992; Cello et al., 2003; Ferrill
et al., 1999). The identification of this fault geometry is therefore of
major importance for the prediction of potential earthquake
rupture dimensions (Fig. 1). Although the quality of 3-D seismic
imagery and seismotectonic studies suggests that subsurface fault
segments can be branched at depth, there are no structural or
geomorphic criteria that could be used to determine whether fault
segments are branched or notwhich could then provide constraints
on potential earthquake rupture size.

High-resolution 3-D seismic surveys demonstrate that two
normal fault segments can merge into a single plane at depth along
a branch line (Boyer and Elliott, 1982; McGrath and Davison, 1995;
Childs et al., 1995; Walsh et al., 1999) or on a branch point (Childs
et al., 1995; Marchal et al., 2003). The geometry of overlapping fault
segments above a branch line from a seismic survey is shown in
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Fig. 2, revealing non-homogeneous displacement patterns close to
the branch line. In analogy with separated (i.e. non-branched and
parallel) interacting normal fault segments, the lateral interaction
of down-dip branched segments produces a relay ramp with a high
displacement gradient whose segments link as fault displacement
accumulates (Childs et al., 1995; Huggins et al., 1995; Marchal et al.,
2003; Soliva and Benedicto, 2004). Linkage occurs as fault
segments overlap during their strong fault interaction through
their stress fields (e.g. Crider and Pollard, 1998; Mansfield and
Cartwright, 2001; Young et al., 2001). This stage has been docu-
mented as a function of a critical displacement/segment spacing ratio
in the relay ramp (Soliva and Benedicto, 2004; Imber et al., 2004).
Anomalous displacement geometry of a segmented fault has been

documented by Childs et al. (1995) as ‘‘coherent’’ with the typical
profiles of isolated faults, implying an asymmetry of displacement
gradient between the interacting segments, i.e. the fault zone
exhibits large scatter in displacement–length (Dmax/L) ratio
between each segments. A ‘‘coherent’’ displacement profile, as well
as the absence of displacement rate increase (see Cowie and
Roberts, 2001) during the interaction of unlinked segments seems
to be specific to down-dip branched segments (Walsh et al.,
2003a,b). The question of the origin of such displacement gradients
and low fault segment interaction was not addressed in the
previous studies and is the main focus of this paper.

We first present field data from segmented normal faults having
particular fault geometries that may be due to down-dip branching
of the fault segments at depth. Secondly, we provide a 3-D
numerical modeling study of computed displacements and quasi-
static stress fields around different geometries of down-dip
branched normal fault segments. The results are compared and
discussedwith respect to the field observations.We apply our study
by modeling the Vallo di Diano segmented normal fault (Italy) in
order to explain the unexpected displacement profile and low
interaction of the largely overlapping segments there. We then
discuss the implications of our results for the estimation of
maximumearthquake rupture size that could occur on a segmented
normal fault.

2. Geometrical attributes of down-dip branched normal
fault segments

In this section we present field data from two outcrops, the
Nigüelas and Fumanyá fault sets, that contain both types of normal
fault segmentation, i.e. fault segments separated and down-dip
branched segments (Fig. 3). At Nigüelas, the faults cut homoge-
neous meta-limestone microbreccias, whereas at Fumanyá, the
faults are restricted to brittle limestone layers bounded by shales.
We refer to Soliva (2004) and Soliva and Benedicto (2004) for
details and discussion on the formation and geological context of
these fault sets. Down-dip branching is recognized at Nigüelas
whereas it is less clear in the layered sequences from Fumanyá (see
Fig. 3), since the fault segments there are confined within brittle
layers (Soliva et al., 2006).

Displacements at the observation surface were measured along
segmented faults containing unlinked relays in the two study areas
(Soliva and Benedicto, 2004). All the segment arrayswithmore than
two segments were excluded to avoid the contributions of multiple
relay zones to the displacement profiles. The examples of
displacement profiles presented in Fig. 4a and b show that unlinked
fault segment arrays fromNigüelas have a larger asymmetry in their
displacement profiles than comparable structures at Fumanyá. This
asymmetry is expressed in the shapes of the profiles and especially
in the displacement gradients G adjacent to the relay zones
(G defined asDmax normalized to the distance betweenDmax and the
fault segment tip of the relay zone). In both examples shown in
Fig. 4a and b, we can define two values of G (Gmax and Gmin)
corresponding to the two segment ends of the relay zone. Note that
the Dmax/L ratios of the two segments capture part of the
displacement asymmetry. The interesting feature to notice is that
only the segmented faults from Nigüelas show a large Gmax/Gmin
ratio (see the three squares indicated with an arrow in Fig. 4c). This
seems to occur for fault segment arrays having an especially large
overlap/spacing ratio (Ov/S). Fig. 4 reveals that both fault displace-
ment and relay zone geometry are characteristic of these three
segmented faults from Nigüelas, raising the question, are the
displacement distribution and the geometrical attributes of the
fault array mechanically related to fault segments branched at
depth? In the next section, a numerical modeling analysis is
addressed to study the role of different down-dip branching
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Fig. 1. Comparison between (a) separated fault segments and (b) fault segments
branched below the Earth’s surface (i.e. down-dip branched fault segments). Hypo-
thetical earthquake rupture surface is represented on each case of fault segmentation.
Note that the area of the rupture surface in the case of branched fault segments can be
twice that for separated fault segments.

Fig. 2. Example of a 3-D fault surface geometry reconstructed from high-resolution 3-
D seismic surveys. The fault surface shows two fault segments branched down-dip. The
zone of fault segment merging defines a branch line. N and S indicate North and South,
respectively, and lines A (black) and B (white) indicate intersections of two different
bed horizons with the fault surface. The horizon A shows a segmented fault trace with
a relay zone and horizon B shows the continuous fault surface under the branch line.
Fine dip parallel lines show positions of cross-sectional interpretations (spaced at
12.5 m in the relay and 62.5 m outside). Note the heterogeneity of the displacement
pattern at the relay zone around the branch line (gray scale contours on the fault
surface showing relatively large values at left and low at right). After Walsh et al.
(2003a,b).
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geometries on fault displacement distribution and segment
interaction.

3. Insight from 3-D numerical modeling

In this section we examine the effect of the geometry of fault
segment branching at depth on the displacement and stress
interaction of the fault segment surfaces. This modeling is per-
formed using Poly3D, a three-dimensional boundary element
computer program based on linear elasticity (Jaeger and Cook,
1979) and triangular displacement discontinuity patches
(Thomas, 1993). This numerical code has been used to model 3-D
quasi-static displacement and stress distributions around simple
or complex fault geometries (e.g. Willemse, 1997; Crider and
Pollard, 1998; Maerten et al., 1999; Kattenhorn and Pollard, 2001;
Soliva et al., 2006).

3.1. Three-dimensional branching model geometry

We model the displacement distribution and the quasi-static
stress field around three types of normal fault branching geome-
tries defined by two upper segments merging at depth into a single
lower fault surface (Fig. 5a). We use three discontinuity surfaces
(denoted 1, 2, and 3) in Fig. 5a with an average dip of 60" to build
this fault geometry. The discontinuity surfaces 1 and 2 are of
L# 5.5 m length, H# 5 m down-dip height, and surface 3 has 10 m
length and 5 m down-dip height. The resulting relay zone has an
overlap Ov of 1 m and a spacing of 0.5 m in the horizontal plane
(Fig. 5c). The fault geometry has a ‘‘branch line’’ configuration
(Fig. 5a) (see the discussion of branch lines and branch points in
Childs et al., 1995), which has been inferred from seismic data and
field observations (Figs. 2 and 3b).

Around the branch lines we explore variations in the dip of the
upper fault segments following three configurations (Fig. 5b). In the
first fault configuration the upper frontal segment (2 in Fig. 5a) is
coplanar and continuous with the lower fault plane (3), whereas
the rear upper segment (1) has a zone of lower dip than the whole
fault surface. This gives a sigmoidal geometry with a horizontal
corrugation axis along the branch line on the upper horizontal tip
of the lower surface (denoted as 3). This results in an asymmetric
configuration of a 3-D relay zone branched at depth called here the
‘‘planar frontal segment’’.

The second configuration called ‘‘nearly symmetric branching’’ is
defined by two opposite dip variations, with the same wavelength
of sinuosity than the previous configuration and the same

dimension of spacing and overlap at the relay zone. The third
configuration has the rear upper segment (denoted as 1) coplanar
and in continuity with the lower fault plane (denoted as 3),
whereas the frontal upper segment (denoted as 2) has a zone of
higher dip than the whole fault surface. This gives a sigmoidal
geometry of the frontal segment along the branch line on the upper
horizontal tip of the lower surface (denoted as 3). We call this
configuration the ‘‘planar rear segment’’.

3.2. Boundary conditions

The boundary conditions applied to the modeled fault are (1) no
displacement normal to each polygonal element (only slipping
surfaces), (2) triaxial compressive remote stresses, and (3) an
elastic full space in order to simulate deep confined faults. We do
not apply any shear strength profiles within the faults to reproduce
fault end tapering, which primarily affects displacements and the
stress concentration near the fault tip. Our results must therefore
be considered as the end-member case of maximum elastic–static
fault displacement and interaction.

The material properties used are defined by a Poisson’s ratio
n# 0.25, a shear modulus of 10 GPa and a density of the over-
burden r# 2000 kg.m$3. These values are consistent with
common values for sedimentary rocks (Hatheway and Kiersch,
1989). The faults are subjected to a lithostatic load, such that
sV# rgz, where g is the gravitational acceleration and z is the
depth within the Earth. The lithostatic load gradient is neglected
because of the small down-dip fault dimension (H# 10 m), which
also justifies the use of homogenous elastic full space rather than
an elastic half-space. A horizontal compressive confining stress
reduced by a tectonic constant, is also applied. The confining
pressure is resolved following a plane-strain configuration in
which sH# [v/(1$ v)]sv (Jaeger and Cook, 1979, p. 113). The
horizontal constant tectonic tension (T< 0), is added perpendic-
ular to fault strike, in order to simulate a less compressive stress
(sh# sH! T). These conditions lead to a stress system remotely
applied such that s1# sV, s2# sH and s3#sh. The ratio s2/s3 has
been frequently estimated between 1 and 5 in the sedimentary
cover in extensional tectonic settings (Zoback et al., 2003;
Christiansson and Janson, 2003). Here we choose a value s2/s3# 2.
Modeling the half-space problem reveals that 10 m height faults
are influenced by the free surface only in the first 100 m depth, so
we choose a fault depth of 1 km in order to analyze only the effect
of the geometry of fault segment branching on the distribution of
displacement and stresses at the overlap zone. This results in the

Fig. 3. Field examples of (a) separated (Fumanyá) and (b) down-dip branched (Nigüelas) fault segments in homogeneous and layered rocks, respectively. The faults are observed
both in anti-plane (normal to shearing) and in-plane (parallel to shearing) dimensions.
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following stress magnitudes: s1#19.6 MPa, s2# 6.53 MPa,
s2# 3.26 MPa.

3.3. Output conditions

Fault displacement distributions are calculated using Poly3D
(Thomas, 1993). The software’s graphical interface allows visuali-
zation of the displacement distribution along complex 3-D fault
surfaces (Figs. 5 and 6).

To analyze fault segment interaction through their stress
fields, we calculate the maximum Coulomb shear stress (SC).
The maximum Coulomb shear stress is described in linear
elasticity theory as a criterion for shear failure (Jaeger and
Cook, 1979, p. 95; Crider and Pollard, 1998; Soliva et al., 2006).
In our models, SC has been calculated in the volume of rock

surrounding the faults. The maximum Coulomb shear stress is
defined as:
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where m is the coefficient of internal friction (m# 0.6). We analyze
the distribution of SC on horizontal observation grids, crossing the
3-D relay zone through their centers (Fig. 5a and c). In order to
compare the results of each model configuration, we present the
local values of SC normalized by the remote value of SC, which is the
same for each model (i.e. same boundary conditions, see Section
3.2).

The shear stress perturbation around faults has been used as
a criterion for fault interaction through the stress field, new fault
initiation around faults, or fault propagation (Ackermann and
Schlische, 1997; Willemse, 1997; Crider and Pollard, 1998; Gupta
and Scholz, 2000; Maerten et al., 2000; Soliva et al., 2006). This is
based on the premise that a fault can initiate or propagate when
perturbed SC (i.e. the local value of SC in the rock volume near
a fault) reaches the inherent shear strength of the material (Jaeger
and Cook, 1979, p. 96). The maximum Coulomb shear stress is
presented on a horizontal observation grid located at the midpoint
depth of the fault surface overlap zone.

3.4. Results: displacement patterns and segment interaction

Displacement patterns of the three fault branching configura-
tions (Fig. 5b) are presented by contours of normalized displace-
ment in Fig. 6 on the left side of each figure part. The loss of
continuity of the contour curves along the branch line is due to the
resolution of the mesh which does not allow imaging the very high
displacement gradient around the branch zone (Childs et al., 1995;
Walsh et al., 2003a). The resolution is, however, relevant to the
whole size of the fault and to the accuracy required to image
displacement variations along the upper fault segments due to fault
branching. For both the three fault configurations, Dmax is
systematically located on the lower fault plane.

The numerical modeling reveals variations in the displacement
pattern on the fault surface. In the planar frontal segment configu-
ration (Fig. 6a, left side), the displacement distribution is slightly
asymmetric between the frontal and the rear upper segments. The
normalized displacement is a little higher on fault segment 1 than
on fault segment 2. This is particularly well expressed by a larger
extent of the lobe of maximum displacement at the base of fault
segment 1 compared to segment 2. For the other configurations, the
asymmetry of displacement distribution is much more
pronounced, especially in the planar rear segment case (Fig. 6c).
Here, the displacement distribution on fault segment 1 is a slightly
smaller than in the planar frontal segment (Fig. 6a) and in the nearly
symmetric branching (Fig. 6b). In contrast, a reduction of displace-
ment is clearly expressed on fault segment 2: w15% for the nearly
symmetric branching configuration and w25% for the planar rear
segment configuration. This last case of fault configuration (planar
rear segment) most contrasts with the case of separated fault
segment interaction producing comparable displacement gradients
and Dmax/L ratio along both segments (see Fig. 7 and also see
Bürgmann et al., 1994; Willemse et al., 1996; Crider and Pollard,
1998; Martel, 1999).

The normalized shear stress distribution at the relay zone is
presented on the horizontal observation grid for each fault model
configuration (Fig. 6, right side). A clear increase of normalized SC
within the area of fault segment overlap (and a drop outside) is
observed for each fault branching configuration. The maximum
value is unambiguously located within the overlap zone near the
fault tips, and the value at the center of the overlap zone is slightly
different for each fault branching configuration (factors of remote
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Fig. 4. Displacement profiles, displacement gradients (Gmax and Gmin), and Dmax/L
ratios of unlinked segmented faults showing (a) symmetric displacement profiles at
Fumanyá and (b) asymmetric displacement gradients at Nigüelas coherent with iso-
lated fault average profile. (c) Displacement gradient ratios (Gmax/Gmin) vs. relay aspect
ratios (Ov/S) from both studied fault systems. Note the occurrence of large Ov/S and
Gmax/Gmin for three segmented faults at Nigüelas.
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SC of 1.404, 1.335 and 1.237 for Fig. 6a, b and c, respectively). The
orientation of the principal stress axes s2 and s3 projected on
the observation grid remains unchanged on the three models. The
projection of the s2 axis is normal to the faults at the center of the
overlap and reorients progressively near the fault tips to trend close
to the fault strike, but still with a small angle (2") at the fault tips.
The projection of the s3 axis is w20" oblique at the center of the
overlap zone and reorients progressively near the fault tips to trend
close to normal to the fault strike, but still with a small obliquity of
w5" at the fault tips. In the planar frontal segment fault configura-
tion (Fig. 6a), a lobe of high shear stress increase (factor of remote
SC> 1.4, in green) promotes linkage of the fault tips in the center of
the overlap zone. In the nearly symmetric branching configuration,
two lobes of high shear stress are separated and located within the
overlap zone close to the fault tips. In the planar rear segment
configuration, two lobes are also separated and the lobe adjacent to
the frontal fault segment (2) is very small and close to the fault tip.

On the horizontal observation grid, quasi-static elastic stress
interaction is substantially higher in the case of planar frontal
segment than for the nearly symmetric branching and planar rear
segment configurations. In other words, fault segment linkage is not
favored when high displacement gradient asymmetry is observed
(i.e. in the planar rear segment model). The trend of a new linking
fault that could initiate at the center of the relay zone is approxi-
mated by the projection of s2 on the horizontal observation grid

(error of'10", since the dip of the plane containings2 and s3 is(30").
This trend does not significantly vary with fault branching
geometry.

3.5. Origin of displacement asymmetry and variable
stress interactions

The variation of branching geometry implies changes in quasi-
static displacement and stress state on the upper fault segment
branches. More precisely, these displacements and stress changes
are closely related to the variation of surface dip required for fault
branching. The three configurations of fault branching show that
fault segment 1 (left side) accommodates higher displacement than
segment 2. This is due to more favorable orientation of the fault
segment 1 in response to the applied load. When the segment 2 is
close to vertical (85" in the planar rear segment case) and therefore
close to the dip of the s1 axis, it contains a low resolved shear stress
that inhibits fault displacement. In contrast, where segment 1 has
a 45" dip (see the planar frontal segment), the maximum resolved
shear stress occurs on this fault portion and enhances fault
displacement. The proximity of the fault tip above the branch zone
inhibits fault displacement and this effect is similar on both upper
fault segment branches.

In the case where the amount of fault displacement is reduced,
i.e. the planar rear segment case, the displacement gradient near the
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Fig. 5. Overview of the 3-D geometry of the segmented faults used in the models. (a) Global view of the 3-D fault mesh and the position of the relay zone observation plane. Three
parts of the fault surface are distinguished: (1) the rear segment, (2) the frontal segment and (3) the lower fault surface. (b) 3-D perspective views of the fault branching
configuration used in the models. (c) Map view of the observation plane and dimensions of the relay zone.
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relay zone is consequently reduced. This effect is consistent with
the reduced amount of shear stress within the relay zone that is
dependent on displacement gradient (Rudnicki, 1977; Cowie and
Scholz, 1992; Willemse, 1997; Schultz and Fossen, 2002). On the

other hand, where fault displacement is enhanced, i.e. the planar
frontal segment case, the displacement gradient is larger and stress
magnitudes within the relay zone are augmented. Fault interaction
and linkage are therefore closely related to fault displacement

Fig. 6. Displacement distribution and stress perturbation on modeled fault surface and on the observation plane at the relay zone (see Fig. 5a), respectively. (a) Results of the ‘‘planar
frontal segment’’ fault configuration. Iso-contours of displacement and stresses are shown. Tick marks on relay zone observation planes show the orientation of s2 and s3. (b) Results
of the ‘‘symmetric branching’’ fault configuration. (c) Results of the ‘‘planar rear segment’’ fault configuration.
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gradient (see also Soliva and Benedicto, 2004), which is affected by
the geometry of fault segment branching at depth.

3.6. Discussion on fault interaction from field data and
numerical modeling

These variations in fault displacement gradient and fault inter-
action are consistent with the geometrical attributes of segmented
faults observed in the field (Section 2). To quantitatively estimate
fault interaction from field data, we have reported in Fig. 8 the data
presented in Fig. 4c, shown with linked relay zones. This graphical
representation suggested by Gupta and Scholz (2000) has been
proposed to estimate the degree of fault interaction. The position of
the fault segment tips at the relay zone is reported on a spacing vs.
overlap graph in which both parameters are normalized by the
length of the adjacent fault segment. On this graph is also reported
the Coulomb shear stress perturbation due to displacement on the
adjacent fault segment, which has been calculated with the typical
nearly linear displacement distribution (polynomial mean) of the
studied faults (e.g. Gupta and Scholz, 2000; Soliva and Benedicto,
2004). This approach therefore considers a first-order approxima-
tion of fault interaction based on shear stress changes induced on
a locked fault by slip on a nearby fault (Gupta and Scholz, 2000).
The segmented faults from Nigüelas that have large Gmax/Gmin and
Ov/S ratios on Fig. 4c are indicated in Fig. 8 with an arrow. These
overlapping segments lie anomalously in an area of stress drop
(here the stress field produced by only one fault) which should have
promoted linkage of the fault segments (Gupta and Scholz, 2000;
Soliva et al., 2006). Instead, the faults seem to interact modestly,
allowing preservation of their unlinked geometries, even for large
values of overlap relative to the fault spacing. We therefore
conclude that anomalously large Ov/S ratio along with fault
displacement gradient asymmetry (large Gmax/Gmin ratio, Fig. 4)
reveals low fault segment interaction, as it is observed for planar
rear segment of Fig. 6c, where the displacement gradients are

asymmetric and the shear stress resulting from the interaction of
the two fault segment is insufficient to promote fault linkage.

Since fault branching at depth is observed on cross sections at
Nigüelas (see Fig. 3a), a source of the displacement asymmetry
observed on the data of Fig. 4 is probably due to the presence of
fault branching at depth. However, although some faults are
observed in section as branched at depth along this outcrop, the 3-
D geometry of these segmented faults is not well exposed. In order
to provide more constraints on the effect of fault branching, we
present in the next section the case study of the Vallo di Diano
normal fault zone onwhich area the seismic history reveals that the
overlapping fault segments observed at the surface form a single
fault plane at depth.

4. Application to a natural case: the Vallo di Diano segmented
normal fault

4.1. Geological setting

The seismogenic normal fault zone studied in this section is
located in the axial zone of the South Apennine belt of Italy. The
segmented Vallo di Diano normal fault cuts thrusting sequences of
Triassic to Paleogene carbonates overlying Neogene series (e.g.
Scandone, 1972; Cello et al., 1989). The segmented normal fault is
NW–SE trending and bounds a continental basin (Fig. 9) in-filled
during the Pleistocene–Holocene by fluvio-lacustrine sediments.
The Monti della Maddalena and the Monti di Sito mountain ridges
bound the Vallo di Diano fault zone at the southeast. These
mountains contain thrusting units of Mesozoic to Paleogene plat-
form carbonates overlying the Lagonegro basin units (Scandone
and Bonardi, 1968). In the northwest, the fault zone affects the
Cretaceous to Paleogene series of the Monti Alburni (d’Argenio
et al., 1973).

The fault zone, formed later than the Apennines thrust belt, is
composed of normal fault segments observed as recent fault scarps

Fig. 7. Displacement distribution (a) and relay zone Coulomb shear stress perturbation
(b) of separated normal fault segments. The segments have the same dimensions and
the same relay zone aspect ratio than the upper segments of Fig. 5 and a dip of 60" .
Note the symmetry in the displacement pattern about the overlap zone, leading to
anti-symmetry in the horizontal stress distribution at the relay zone. The low amount
of displacement on the fault surface (w0.7 Dmax of Fig. 7a at the center of the upper
segment labeled 1) leads to the low accumulation of shear stress in the relay zone
compared to the branched segments of Fig. 6.
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containing triangular facets (Fig. 9). The fault zone is mainly
composed of two seismically active fault segments of 14.3 and
15.5 km length, overlapping for a distance along fault strike of 7 km
and spaced w2 km apart (Fig. 10a). The fault planes, frequently
outcropping along these two fault segments, show high-angle
raking striations indicating a major component of normal
displacement, consistent with a subhorizontal least compressive
principal stress (s3) oriented N020 (see Cello et al., 2003).

The Vallo di Diano fault produced an earthquake of magnitude
6.4 in 1561, called the Polla earthquake (Boschi et al., 1997). This
relatively large magnitude compared to the surface length of the
main fault segments (w15 km each) implies the presence of
a single continuous rupture surface at depth of about 25 km length,
corresponding to the entire length of the segmented fault observed
at the surface. To produce an earthquake of magnitude 6.4, Cello
et al. (2003) inferred that the fault segments observed as separated
at the surface are branched at depth to form a single fault surface
allowing a continuous rupture of w25 km length (also see Spina
et al., 2008). This hypothesis is tested below by numerical modeling
and analysis of the fault zone geometry.

4.2. 3-D model setup and boundary conditions

To set up the fault surface of the model we use the morphology
of the mapped fault scarp trace as observed in the field (Fig. 10a). In
order to build a simple branch zone of the two fault segments at
depth, we use the median trace of the faults at the overlapping
zone, which constitutes a reasonable approximation of the Vallo di
Diano fault surface trace (Fig. 10a). Since there is no further infor-
mation on the 3-D geometry of the fault plane, we decide to project
at depth the surface trace of the faults. Different decollement levels
have been described within the carbonate sediment cover of the
area. The main mechanically weak level identified in the sequences
has been described as w700 m thick breccias located between 4
and 5 km depth (Monaco et al., 1998; Pescatore et al., 1999; Lentini
et al., 2002). Accordingly, we make the assumption that the rear
fault segment becomes nearly flat within the breccia unit and
branches into the frontal segment at this depth. We therefore
introduce two curvatures of the rear segment to reproduce a low
dipping fault plane section and fault branching with the frontal
segment to form a single continuous fault plane at depth (Fig. 10b,
lateral view). This sigmoidal part of the rear segment is located
between 4 and 5 km depth and merges into the branch line at 5 km

depth. The seismogenic crustal thickness in this region is at
w15 km depth (Gasparini et al., 1985) and the faults outcrop with
an average dip of 65" (Cello et al., 2003). We therefore chose
a cross-sectional fault dimension of H# 16.55 km. In the model the
fault segment lengths simulate surface observations, L# 14.3 km
and L0 # 15.5 km, and the total length of the whole fault zone is
Ltot# 22.79 km with an overlap of Ov# 7 km and a spacing of
S# 2 km.

The density of the elastic medium is chosen at 2.5, the Poisson’s
ratio is n# 0.25 and the shear modulus is G# 10 MPa, which are
typical values for rocks of the seismogenic crust (e.g. Hatheway and
Kiersch, 1989). The model assumes half-space conditions to simu-
late the stress-free surface of the Earth. The remote principal
stresses applied for a depth of 7.5 km (fault center) are as follows:

s1# rgh# 183.93 MPa
s2# [n/(1$ n)]s1#61.31 MPa
s3# s2/3# 20.43 MPa

We chose a ratio of s2/s3# 3 for this model, which is a reason-
able value since this ratio is frequently estimated between 1 and 5 in
the sedimentary cover in many tectonic contexts (e.g. Zoback et al.,
2003; Martin and Lanyon, 2003; Christiansson and Janson, 2003).
The gravitational force is applied following a lithostatic gradient
(Anderson, 1951) using g# 9.81 m s$2 and r# 2500 kgm$3. As in
Section 3, we will only analyze the normalized values of the
modeled deformations and stresses.

4.3. Displacement distribution

Fig. 10b shows different views of the fault zone modeled with
contourmapping of the displacement distribution. The fault surface
exhibits three lobes of maximum displacement. The first one is
located at the Earth’s surface on the frontal segment. The second
one is located at the center of the fault, underneath the branch line.
The third lobe, of lower value, is located at the Earth’s surface on the
rear segment. Displacement maxima near the Earth’s surface are
due to the presence of the shear stress-free condition defined by
the elastic half-space simulating the Earth surface (also see Nicol
et al., 1996; Crider and Pollard, 1998), whereas the maximum
displacement at depth is mainly related to the mechanical inter-
action at the fault branch zone (see also Fig. 6). The main charac-
teristic of the displacement distribution is the asymmetry between
the two upper fault segment branches, and particularly at the
Earth’s surface.

Fig. 10c shows the comparison between the displacement
profile measured in the field (Cello et al., 2003) and the displace-
ment profile obtained from numerical modeling. Although the fault
segments observed at the surface are of equivalent length, both
field data and numerical modeling show an asymmetry in
displacement distribution and magnitude around the relay zone.
The ratio between displacement maxima is 0.77 for the field data
and 0.67 for the numerical model, thus showing a moderate
difference of w10%. This difference, as well as details not repro-
duced (irregularity in the displacement profile, fault and tapering
vs. infinite gradient), is probably due to the assumptions of the
simplified numerical model including homogeneous elastic
conditions, frictional properties, or details in the fault shape at
depth (e.g. Cowie and Scholz, 1992; Willemse, 1997).

The numerical modeling of the displacement pattern shows
that the main asymmetry of displacement magnitude between
the two fault segments modeled is due to the change of slope of
the fault surface at depth, which is required to merge the over-
lapping fault segments into a single fault plane. More precisely,
the low value of displacement observed on the rear segment is
due to the low dip zone of the rear upper segment along which
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fault slip is impeded due to the reduced value of resolved shear
stress. This fault zone has an angle of w60" to the remote
orientation of the principal stress axes s1 and therefore has
a large component of normal stress acting to resist slip (also see
the concept of non-conservative barrier in King and Yielding,
1984). The effect of this fault configuration, not treated in Section
3, constitutes a complementary modeling result demonstrating
that displacement asymmetry can be due to locally low normal
fault dip.

4.4. Fault segment interaction

The stress distribution computed around the fault zone is highly
perturbed. Fig. 11a shows the distribution of normalized SC, calcu-
lated at the Earth’s surface of the fault geometry shown in Fig. 10.
This shear stress distribution showsmaximumvalues at the ends of
the fault segments, except for the southeastern tip of the rear
segment. In contrast with the results shown in Section 3, the
overlap zone is not a zone of shear stress increase, but a zone of

Fig. 10. Modeling of the displacement distribution on the Vallo di Diano segmented fault zone. (a) Fault map and surface trace integrated in the model. (b) Three-dimensional views
of the fault surface, the mesh used in the model and displacement distribution computed. (c) Comparison between Earth’s surface scarp topography profiles and displacement
computed at the surface in the model.
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stress reduction. The fault morphology used in the model (i.e. the
large bend of the rear segment) reduces displacement along the
rear segment and therefore implies low interaction of the fault
segments which should impede rupture of the relay ramp during
an earthquake event. This is consistent with the absence of surface
rupture within the overlap zone in the field.

To expand upon this analysis of fault interaction, we compare
the geometrical attributes of the fault overlap zone to multiple data
sets collected on normal fault relay zones of a broad range scale (see
Soliva and Benedicto, 2004 for source data and discussions about
the scaling of fault linkage) (Fig. 11b). The parameters measured are
relay displacement (D), the aggregate displacement measured at the
fault overlap center, and fault spacing (S). In contrast to other
conventional representations using geometrical attributes of the
fault traces at the surface, this graphical representation indirectly
considers the influence of fault branching at depth, since it includes
the magnitude of displacement which is controlled by the fault
geometry at depth. Open relays (modestly interacting unlinked
segments), incipiently linked relays (highly interacting) and
breached relays (interaction at intersection zone, i.e. physically
linked segments) have been differentiated in Fig. 11b. The relay
zone of the Vallo di Diano segmented fault fits on the graphical field
of open relays, which is consistent with the absence of geo-
morphologic evidence for fault linkage within the relay ramp. This
approach therefore attests to low fault interaction and low proba-
bility of fault linkage at the Earth’s surface as suggested by the
numerical modeling.

Compared to the shear stress distribution resulting from
numerical modeling in Section 3 (Fig. 6), the particularly low fault
interaction of the Vallo di Diano fault segments is due to the large
fault spacing relative to fault displacement (Fig. 11b). As shown in
Section 4.3, the low amount of displacement is due to the shallowly
dipping part of the rear fault segment, which explains why this
overlapping zone is poorly interacting and therefore not linked
(compared to frequently linked or at least highly fractured relays in
other examples that have a comparable ratio of Ov/S# 3.5, see
Aydin and Nur, 1982; Peacock and Sanderson, 1991; Willemse et al.,
1996; Crider and Pollard, 1998; Accocella et al., 2000; Gupta and

Scholz, 2000; Soliva and Benedicto, 2004; Soliva and Schultz,
2008).

5. Implication for potential earthquake rupture size

Although a seismic rupture can jump from one segment to
another during a single co-seismic event (e.g. the case of Landers,
King and Lin, 1992), it has been inferred that large relay zones of
segmented faults can constitute barriers to rupture propagation
(see for example the North Anatolian Fault rupture sequence, 1912–
1999, Stein et al., 1997). This process is well known on normal,
strike slip, and thrust fault relays (e.g. Machete et al., 1991; Ward
and Goes, 1993; Jackson et al., 1996). Seismic hazard assessment is
currently based on probabilistic approaches (e.g. Working Group on
California Earthquake Probabilities, 1999). In such probabilistic
studies, the geometry of fault segmentation is considered and any
information indicating the geometry of fault at depth is important
to constrain the probability of earthquake rupture size.

In this paper we have shown that fault branching at depth can
promote asymmetry of fault displacement on fault segments and
thereby reduce their ability to interact and link laterally. Branching
at depth can therefore reduce fault interaction and the fault’s ability
to link at the surface, thus promoting preservation of the
segmentation observed at the Earth’s surface. This suggests that
even if the segments are branched at depth, fault segmentation
may prevail over long timescales at the surface and that such
geometries could be a common feature of active branched faults. In
active extensional tectonic settings (e.g. Apennines, gulf of Patras–
Corinth, Nevada, East African rift), the seismic hazard inferred from
surface fault traces may therefore be underestimated.

We propose that in such areas, the fault scarps must be
inspected with respect to their displacement profiles and overlap –
separation data (see for example Fig. 4) in order to reveal any
asymmetry of displacement gradient coupledwith a largeOv/S ratio
of the fault segments. This will identify which segmented fault
could be a good candidate to produce an earthquake size larger
than the segmentation length observed, and would accordingly
need to be emphasized by seismotectonic analysis.
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6. Conclusion

The analysis provided in this paper shows that fault segments
branched at depth are associated with particular variations in
Dmax/L ratio and displacement gradients close to the relay zones.
This effect is principally due to the variation of the fault segment
surface dip which is required above the zone where the fault
segments branch. In addition,

- Faults segments can have variable Dmax/L ratios depending on
whether they are separate or branched at depth and depending
on their particular branching geometry. Fault branching at
depth can therefore explain a component of the scatter typi-
cally observed on Dmax–L diagrams.

- Faults segments can have variable ability to link at relay zones
depending on whether they are separate or branched at depth.
This is due to the influence of branching at depth on the shear
stress distribution within the relay zone. Fault branching at
depth can therefore explain a component of the scatter typi-
cally observed on Ov–S diagrams.

- Modeling fault segment displacement and interaction of the
Vallo di Diano normal fault in Italy suggests that the fault
segments are only modestly interacting at the surface although
a fault rupture can propagate and break the entire fault length
at depth. This shows that little fault segment interaction at the
surface can occur on faults branched at depth, and therefore
that the fault zone can produce a larger earthquake rupture
than what it is expected from the surface length, overlap and
spacing of the fault segments.

- We propose that displacement gradient asymmetry and
anomalies in overlap-spacing values of the relay zones
compared to typical valuesmay be indicators of fault branching
at depth. These geometrical attributes of the fault zone should
be considered in fault seismotectonic studies in order to esti-
mate the maximum earthquake rupture size along a fault
segmented at the surface.
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