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Abstract

The geometry, kinematics and rates of deformation have been investigated within an en eÂ chelon fault segment boundary

between two left-stepping major normal faults in the central Apennines, Italy. Examination of faulted post-glacial sediments and
geomorphic features attributed to glacial retreat (18 ka) reveals that the two major faults dominate the recent slip, with rates
that are 5±10 times greater than the other faults. At the centres of the major faults, slip is parallel to the regional extension
direction (NE±SW) de®ned by focal mechanisms and borehole breakouts. Slip-vector azimuths de®ned by striations on faults in

the stepover zone indicate NE±SW extension on NW±SE faults, sub-parallel to the regional extension direction, together with
signi®cant and contemporaneous NW±SE extension, along the strike of the Apennines, on ESE±WNW and ENE±WSW faults.
Thus, distributed three-dimensional strain occurs in the stepover between the two major bounding faults. Extension rates

summed across the stepover are 0.68 mm/y parallel to the regional extension, compared to 02 mm/y at the centre of one of the
major faults. Extension rates along-strike of the fault zone are 0.14 mm/y within the stepover and zero at the centres of the two
major bounding faults. The above information is used to discuss how extension is partitioned between di�erent structures during

the growth and linkage of normal faults. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

It is generally accepted that long, basin-bounding
normal fault zones develop through linkage of shorter
faults. Some of these faults occur along-strike of each
other but also commonly form en eÂ chelon geometries.
Many studies have recognised these stepovers as areas
of displacement transfer and eventual fault linkage
(Peacock and Sanderson, 1991, 1994; Anders and
Schlische, 1994; Trudgill and Cartwright, 1994; Dawers
and Anders, 1995; Cartwright et al., 1995, 1996;
Cowie, 1998). However, we are not aware of any stu-
dies that document the geometry, kinematics and rates
of deformation in stepovers prior to linkage. The lack
of information on the rates of deformation means that
it is unclear how the ®nite structures develop and thus

how deformation proceeds from a stepover geometry

to a zone of fault linkage.

In this paper we describe the geometry, kinematics

and rates of deformation within the Velino fault seg-

ment boundary (VFSB), an area which lies in the step-

over between two en eÂ chelon faults in the central

Apennines, Italy. The VFSB is an important structure

concerning seismic hazard in the region, as it marks

the northwestern extent of the surface rupturing pro-

duced during the 1915 Fucino earthquake [Ms=7.0;

033,000 fatalities (Margottini and Screpanti, 1988)].

Through examination of faulted post-glacial sediments

and slopes formed by glacial retreat, we show that the

two large faults forming the stepover have higher slip-

rates than those within it. Moreover, these major en

eÂ chelon faults appear to control the slip directions on

the minor faults within the stepover, producing signi®-

cant along-strike extension. We use our ®ndings to dis-

cuss how extension is partitioned between di�erent

Journal of Structural Geology 22 (2000) 1027±1047

0191-8141/00/$ - see front matter 7 2000 Elsevier Science Ltd. All rights reserved.

PII: S0191-8141(00 )00030 -4

www.elsevier.nl/locate/jstrugeo

* Corresponding author.

E-mail address: n.morewood@ucl.ac.uk (N.C. Morewood).



structures during the development of stepovers and
following linkage.

2. Tectonic setting

The Velino±Fucino area lies within the Apennine
mountain chain (Fig. 1a), a NW±SE-trending structure

that formed in the convergent zone between the Afri-
can and Eurasian plates. In the central Apennines
shortening persisted until the middle to late Pliocene
(Patacca et al., 1990). Present day extension occurs
across active normal faults striking generally parallel
to the mountain chain (Anderson and Jackson, 1987).
The central and southern Apennines comprise an 800-
km-long system of seismogenic segmented normal

1892

1608

2777

2487

1138

1950
2011

2151

1957

Fucino Plain 
FFS

FiFS

TMF

CFF

Rome

Quaternary basin

Pre-Quaternary bedrock

Surface trace of normal fault
(dashed where inferred)

Spot height (m) 

Contour interval 500m (after CNR, 1983)

Surface rupture of 1915 earthquake

1138

N

Celano

Avezzano

Lines of cross-section with
identification name 

10 km

Fi2

Fi1

Fi3 F1

F2

F4

F5

F6

A
p

e
n

n

i n e s

Lago del Salto

F3

Fiamignano

CFS

PF

V6

VMF

V2

V1

V4

V3
V5

VF

Fi1

Gioia dei Marsi

L'Aquila

(a)

Fig. 1. (a) Map of the Abruzzo region, located by the box in the inset, showing the relationship between the major normal faults and the

Quaternary basins in their hanging walls. Some faults do not have thick hanging wall basin ®ll because it has been removed by river incision

(e.g. FiFS). The faults referred to in the text are labelled as follows: FiFSÐFiamignano fault segment; FFSÐFucino fault segment; CFFÐ

Campofelice fault; VMFÐVelino±Magnola fault; TMFÐTre Monti fault; CFSÐCorno fault segment; PFÐParasano fault; VFÐVentrino fault.

The box locates Figs. 5(a) and 9. (b) Map of studied faults with fault-trace thickness proportional to the rate of horizontal extension since 18 ka

in the plane of slip at each locality. The back (NE) edge of each fault represents the map trace shown in Fig. 1(a). The FiFS and FFS have been

the most active faults over this period and form an en eÂ chelon step in the fault system. The faults within the stepover or segment boundary

(VFSB) are smaller and less active than the major faults. The stereonets (lower hemisphere) show poles to fault planes (open squares) and

lineations (striations, corrugations) on the fault planes (®lled circles). Arrows indicate the mean fault-slip direction for each locality. Locality

details are in Tables 1 and 2. `X' indicates the centre of the FFS used for measurement purposes in producing Fig. 9(b). See text for discussion.
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faults that accommodates most of the present NE±SW
(02258) extension, determined from earthquake focal
mechanisms, fault-slip and borehole breakout data
(Anderson and Jackson, 1987; Ward and Valensise,
1989; Westaway et al., 1989; Amato et al., 1995;
Amoruso et al., 1998).

In this paper we are concerned with the area close
to the ruptures produced by the 1915 Fucino earth-
quake. The 30±90 cm of surface slip produced by this
earthquake occurred along the normal fault bounding
the NE side of the Fucino basin (Fig. 1a) (Oddone,
1915; Serva et al., 1988; Margottini and Screpanti,
1988; Ward and Valensise, 1989; Blumetti et al., 1987).
Below we study the map traces, throws, slip directions
and throw rates associated with this and other normal
faults in the region (Figs. 1±8). We have found that
two faults dominate the recent slip, with rates about
5±10 times greater than the other normal faults. One
of these is the fault that ruptured in 1915; the other is
a fault further to the northwest. These two faults form
a left-stepping en-eÂ chelon geometry. Other faults exist
in the stepover zone. Below we describe our method-
ology and the geometry, kinematics and rates of defor-
mation along the faults in the region before discussing
the implications of the study.

3. Methodology

The Velino±Fucino area provides an exceptional
opportunity to study the geometry, kinematics and
rates of deformation within a stepover because it con-
tains well-exposed striated faults that o�set Mesozoic
bedrock, and sediments and geomorphic surfaces as-
sociated with the last major glacial phase that occurred
in the region (ca. 18 ka; Giraudi and Frezzotti, 1997).
We have mapped the positions of faults, measured
fault plane and lineation orientation data and deter-
mined throw at a number of localities within the study
area. We have also deduced rates of deformation from
displaced post-glacial sediments and geomorphic fea-
tures associated with glacial retreat. We combine and
compare our data with published rates from o�set
Holocene soils investigated during palaeoseismic tren-
ching studies conducted within the study area. Overall,
these data constrain the geometry, kinematics and
rates of deformation associated with the faults in the
Velino±Fucino area.

The surface traces of faults in the study area have
been determined by checking (in the ®eld) of published
data and new mapping (Figs. 1, 5a, 6±8). The pos-
itions of studied localities were located using 1:100,000
topographic maps and a hand-held GPS receiver and
are accurate to 250 m with respect to each other. In
order to calculate the total throw across the faults a
series of cross-sections were constructed across the

faults using published geological maps (Fig. 2a). The
accuracy in measuring the total throw is constrained
by the resolution of the available maps and errors are
usually less than about 2200 m. Lineation data (stria-
tions, corrugations) were collected at most of the stu-
died localities. Measurements were made of all
lineations that intersected horizontal transects across
fault plane outcrops. The mean slip direction was cal-
culated for each locality using Bingham statistics.

At many localities the faults o�set late Pleistocene
¯uvioglacial fan surfaces or slopes that achieved their
®nal form during the last glaciation and, more rarely,
moraines associated with glacial retreat. The end of
outwash sedimentation related to the retreat phases of
the Majelama Valley (Mt. Velino; Fig. 5a) glacier
occurred prior to ca. 16 ka (Giraudi and Frezzotti,
1997). This coincides with a major glacier retreat
phase in the central Apennines, which began at 17.84
2 0.2 ka, ended at ca. 16 ka and dominates the geo-
morphology of the region (Giraudi and Frezzotti,
1997). This rapid phase of glacier retreat marks a
major climatic change in the Mediterranean area and
corresponds to an abrupt decrease in the d18O values
recorded in Tyrrhenian Sea cores (Giraudi and Frez-
zotti, 1997). Other, minor glacial phases occurred at
about 15, 14 and 13 ka, but they did not have a
marked e�ect on the geomorphology of the study area
(Giraudi and Frezzotti, 1997). Away from the faults,
smooth, uniform periglacial slopes and ¯uvioglacial
fans exist, commonly covered with a thin layer (1±2
m) of post-glacial organic-rich soil. These de®ne sur-
faces dating from about the same time as the major
glacial retreat stage (18±16 ka; see Giraudi and Frez-
zotti, 1997). Recent palaeoseismic studies report slip-
rates for faults that o�set these and younger, dated
(usually 14C) soil horizons (e.g. Pantosti et al., 1996).
Where such dates are unavailable, slip-rates can be
estimated by assuming an age for the o�set late-/post-
glacial surface. Unless data are available to the
contrary, we assume an age of 18 ka for the late-/post-
glacial surfaces, which yields minimum slip-rates. If a
surface does actually date from 16 ka, our method
produces negligible error in slip-rates for a roughly
1-m-high scarp and underestimates the slip-rate on
10-m- and 30-m-high scarps by 0.07 and 0.21 mm/y,
respectively.

In order to measure the throw that has accumulated
since ca. 18 ka, topographic pro®les were constructed
at each locality in order to gain the true vertical o�set
of the glacial surfaces. Because of the dip of the glacial
surfaces and erosion of the fault scarps, the amount of
vertical o�set can be overestimated by measuring the
height of the exposed fault scarp only (Fig. 2b). We
believe that the errors associated with throw measure-
ment from the scarp pro®les are negligible for scarps
up to 10 m high and no greater than22.0 m for scarps
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Fig. 2. (a) Cross-sections (located in Fig. 1a) through the Fiamignano, Fucino and Velino±Magnola faults. In each section a marker horizon

(labelled) was used to measure the throw and the unit above or below this horizon is shaded for clarity. The geological markers are taken from

Nijman (1971) with the exceptions of sections Fi1, Fi2, Fi3 and V6, which are from C.N.R. (1983). No vertical exaggeration. (b) Representative

topographic pro®les across the Fucino (FFS), Tre Monti (TMF) and Velino±Magnola (VMF) faults. The vertical separation of geomorphic fea-

tures (shaded) o�set by the scarps since 18 ka is given in metres (see text for details). Pro®le locations are given in Figs. 5(a), 6 and 8.
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10±25 m high and 25.0 m for scarps 25±40 m high.
These errors, combined with those involved in estimat-
ing the age of the o�set glacial surfaces (18±16 ka)
give errors in throw rate of about +0.11/ÿ0.18 and
+0.28/ÿ0.49 mm/y for scarps 10 m and 30 m high, re-
spectively. All errors are shown by bars on the appro-
priate graphs. Because we use an age of 18 ka for the
late-/postglacial surfaces in order to minimise the slip-
rates (see above), the error in estimating the timing of
the last glacial phase becomes almost irrelevant when

considering the relative rates of slip across the faults.
The combined errors shown on the graphs may there-
fore be viewed as maximum errors for the data.

Minimum estimates of throw rate averaged over the
past 18 ka were attained by dividing the vertical o�set
by 18,000 years. By combining throw rates derived in
this manner with other values from trenches and with
the fault-slip data described above we have calculated
rates of throw, displacement and horizontal extension
for the vertical plane containing the mean slip direc-
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tion at each locality (Tables 1 and 2). Where no fault-
slip data is available, displacement and horizontal
extension have been calculated using a fault dip of 708
for the NW part of the Fucino fault (FFS) and 658 for
the Tre Monti fault (TMF) and by using the slip direc-
tion of the nearest locality with data (see Tables 1 and
2).

4. Results

In order to investigate fault segmentation within the
study area we plotted total throw against distance
along-strike for the faults (Fig. 3a). This has distin-
guished three large faults, each with a maximum throw
in the centre, tapering to a minimum at each end
(FiFS, FFS, VMF) and a number of shorter faults
with smaller throws (Fig. 1b). A plot of throw since
ca. 18 ka as a function of distance shows a similar pat-
tern for the three large faults (Fig. 3b). Thus, the pat-
tern of throw distribution over the period 18±0 ka
appears to have been similar to the averaged total
throw distribution.

We have also plotted throw rate over the past 18 ka
(from displaced geomorphic features and trench data,
as discussed above) against total throw (measured
from geological cross-sections) for each of the FFS,
FiFS and VMF (Fig. 4a±c). This shows a good linear
correlation between recent throw and total throw for
the FFS, FiFS and VMF: the values of highest recent
(18±0 ka) and total throw occur at the same place, as
do the values of lowest recent throw and lowest total
throw. This increases con®dence in our throw and
throw-rate measurements. Fig. 4(d±f) shows recent
throw rate plotted as a function of distance (normal-
ised to a 100 km long fault) from the centres of the
FFS, FiFS and VMF. For each fault, the throw rate
since 18 ka is highest at the fault centre and decreases
to minima towards the ends (Fig. 4d±f). These plots
allow direct comparisons of the spatial and temporal
throw distributions associated with the di�erent faults
to be made. Below we discuss each fault in more
detail.

4.1. The Fucino fault segment (FFS)

The FFS is a NW±SE- to N±S-trending normal
fault which downthrows to the SW (Fig. 1). Fig. 3(a)
shows that the FFS has a maximum total throw of
about 2200 m, which decreases to 300±400 m at ap-
proximately the same distance (020 km) to the NW
and SE of the point of maximum throw. On the basis
of our throw pro®les the FFS is at least 40 km in
length. The northwestern part of the FFS bounds the
northeastern border of the stepover between it and the
FiFS (Fig. 1). The maximum throw occurs where the

fault is poorly exposed as it crosses Quaternary lake
sediments of the Fucino basin (Locality 68, Fig. 1b).
The maximum throw is estimated by summing throws
across the Fucino fault at Locality 61 (Figs. 1b and
2a) and the Parasano (600 m) and Ventrino (>600 m)
faults and an estimated thickness (>400 m) of Qua-
ternary sediments in the hanging wall of the FFS in
the Fucino basin. This value (2200 m) produces a rea-
listic throw/distance pro®le with the maximum throw
near the centre of the fault (Fig. 3a).

The FFS outcrops as a limestone fault scarp for
about 8 km along the northern slopes of Piano di
Pezza to the western slopes of Mt. delle Canelle (Fig. 6)
(see also Biasini, 1966; Giraudi, 1989; Cinti et al.,
1992; Pantosti et al., 1996). South of the Park Hotel
(Fig. 6), Mesozoic limestone slip surfaces outcrop in
places as far as the town of Celano (Fig. 5a). The FFS
continues southeast, crossing the Fucino plain and
then in places bounding the Fucino basin, as far as a
few kilometres southeast of the village of Gioia dei
Marsi (Fig. 1).

The northwestern end of the FFS has two main
splays, north and south of the Valle dell Ortica
(Fig. 6). Limestone scarps of the northern splay strike
090±1108 and dip 50±808. No slip surfaces crop out on
the southern splay but the scarp, o�setting Wurm III
moraines, strikes on average 0908 and downsteps to
the west. The scarp changes strike to 01308 as it
crosses the Piano di Pezza, west of Vado di Pezza and
reverts to 1108 (Locality 47, Fig. 6) before striking N±
S through Mt. delle Canelle, West of Mt. delle Canelle
a 2 km splay, striking 120±1708, bounds the northeast-
ern edge of Campo di Via (Fig. 6). South of Mt. delle
Canelle a sub-parallel antithetic fault forms a small
graben (see Pantosti et al., 1996).

The mean slip direction of all localities for the FFS
is towards 2238 (Table 1), very close to the regional
extension direction of 2258. The FFS exhibits a conver-
ging pattern of slip vectors with dip-slip motion across
the central portion of the fault and oblique-slip at its
lateral tips (Fig. 1b). This is a similar pattern of slip to
that described by for normal faults in central Greece
(Roberts, 1996; Roberts and Ganas, 2000) and in
southern Italy (Michetti et al., 2000).

Scarp height (o�setting the 18 ka surface) varies
from 0.5 m at the northwestern end of the FFS (Lo-
cality 18) to 2.0 m at Locality 46 (Fig. 6), 1 km further
east. South of Mt. delle Canelle the fault scarp is up to
12 m in height and bounds the eastern edge of an
active alluvial fan (Locality 41, Fig. 6; Table 1). Pan-
tosti et al. (1996) observed a 12 m o�set of late Pleisto-
cene and Holocene ¯uvioglacial fan and moraine
deposits 0300 m south of our Locality 41. Slip direc-
tions vary from 130 to 2368 along the main scarp, with
a mean slip direction for all localities towards 1748
(Fig. 6; Table 1), about 508 di�erent to the 2258 re-
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gional extension direction derived from focal mechan-
isms (Anderson and Jackson, 1987; Ward and Valen-
sise, 1989; Westaway et al., 1989).

The FFS o�sets Holocene and modern fan surfaces
and late Pleistocene (ca. 18 ka) ¯uvioglacial deposits
and moraines (Fig. 6). Using this information, pub-
lished trench data and the rationale outlined above,
minimum deformation rates for the faults which o�set
these deposits can be calculated (Table 1). Rates of
throw and displacement range from 0.02±2.00 mm/y
and 0.02±2.13 mm/y, respectively. Rates of horizontal
extension across the FFS range between 0.01 and 1.60
mm/y (Fig. 1b; Table 1).

Our results are consistent with the ®ndings of Pan-
tosti et al. (1996) who estimated a vertical slip rate
across the northwestern part of the FFS (their Ovin-
doli±Pezza fault) of 0.6±1.1 mm/y (through trenching)

and 0.8±2.3 mm/y (through o�set geomorphic fea-
tures), with the lower part of these intervals preferred.
These authors showed that the rates obtained from o�-
set geomorphic features and from trenching are com-
parable when considering the northwestern part of the
FFS. Their trench site A in the Piano di Pezza (Fig. 6)
yielded a Holocene vertical slip rate of 0.60 mm/y.
This is reasonably comparable with our longer term
(18 ka) rate of 0.22 mm/y at Locality 49, about 150 m
west of their site A (Fig. 6; Table 1). Near the Park
Hotel (Fig. 6), Pantosti et al. (1996) used an o�set ¯u-
vioglacial fan to estimate vertical slip rates of 0.64
mm/y (their Pro®le I, ®g. 4; Fig. 6) and 0.61 mm/y
(their Pro®le II, ®g. 4; Fig. 6). This compares favour-
ably with our rate of 0.61 mm/y for an o�set fan,
about 500 to the north (Locality 41, Fig. 6). The close
agreement of our rates, using o�set geomorphic fea-
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tures, with those from trenching and other studies
lends con®dence to the techniques and also to the
rates derived below for other faults in the area.

4.2. The Fiamignano fault segment (FiFS)

The FiFS is a NW±SE-trending normal fault that
downthrows to the SW (Fig. 1). The FiFS has a maxi-
mum throw of at least 2200 m, decreasing to 100±500
m to the NW and SE (Fig. 3a). A scarp is traceable at
the surface for about 12 km NW and SE of the town
of Fiamignano (Fig. 1). The throw/distance pro®le
(Fig. 3a) shows the FiFS has a length of at least 24 km.

The central portion of the FiFS has a mean slip
direction of 2238 (Table 1), very close to the regional
extension direction of 2258. The FiFS shows a similar
pattern of slip vectors to the FFS with slip sub-parallel
to the regional at the centre of the fault and oblique-
slip, converging towards the hanging wall at its ends.
Scarp height (o�setting 18 ka sediments) varies from
10 m in the centre of the fault to 4 m and less towards
its lateral tips (Table 1). Rates of throw and displace-
ment range from 0.22±0.56 mm/y and 0.32±0.84 mm/y,
respectively. Rates of horizontal extension across the

FiFS range between 0.23 and 0.64 mm/y (Fig. 1b;
Table 1).

4.3. The Velino±Magnola fault (VMF)

The Velino±Magnola fault outcrops in Upper
Cretaceous±Palaeocene limestone along the southern
slopes of Mt. Magnola and Mt. Velino (Fig. 5a).
The fault probably continues as far west as the vil-
lage of S. Stefano, but is poorly de®ned as it
crosses il Cammerone (Locality 33, Fig. 5a). The
fault trends NW±SE from S. Stefano to the slopes
of Mt. Velino and then strikes E±W to ESE±WNW
towards the village of S. Iona (Fig. 5a). In places
the main fault appears to be cut by small N±S-
trending cross-faults, which exhibit dip-slip kin-
ematics, but there is no clear temporal relationship.
Lower to middle Pleistocene continental sediments
are exposed in the hanging wall of the main fault,
which also o�sets glacial surfaces. Scarp height has
not been determined towards the ends of the fault,
probably because of their small size, but reaches 5.0
m in the central portion of the fault (Locality 32,
Fig. 5a and Table 2). Fault striae indicate mostly
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dip-slip movement, at least at the eastern end,
across the VMF. Slip directions vary from 159±1948
along the main scarp, with a mean slip direction
towards 1828 (Table 2), over 408 di�erent to the re-
gional extension direction. The VMF does not exhi-
bit the converging slip pattern described for the
FFS and FiFS (Fig. 5a).

The VMF displaces glacial till and geomorphic sur-
faces (Giraudi, 1992, 1995). As discussed above, we
assume an age of 18 ka for these features and attain
minimum rates of deformation across the fault. This
yields rates of throw and displacement of 0.08±0.19
mm/y and 0.09±0.23 mm/y, respectively, and rates of
horizontal extension of 0.04±0.17 mm/y (Table 2).

The VMF has a maximum throw of 1700 m,
decreasing to 350±500 m, and a length of at least 21
km (Figs. 3a and 5a). Although these are character-
istics similar to the FiFS and FFS, the VMF di�ers
from the FiFS and FFS in three main ways: (1) the
VMF has a di�erent strike (083±1248) to the FiFS and
FFS (mean strike 1288 and 1348, respectively) (Fig. 1;
Tables 1 and 2); (2) slip on the VMF is directed to the
south (mean slip direction 1828) (Fig. 5a; Table 2) as
opposed to the FiFS (2218) and FFS (2188), which
have mean slip-vectors sub-parallel to the regional
extension direction (Fig. 1b; Table 1); (3) the VMF
has a low throw rate over the past 18 ka (a third of
the throw on the FiFS and only a tenth of that on the
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FFS over the same time period) (Fig. 3b). Study of

propriety seismic data reveals that the VMF accumu-

lated most of its throw during the Pliocene when NE±

SW to E±W structures dominated tectonic activity in

the area (Galadini and Messina, 1994). These data

suggest that the VMF, although a major topography-

forming structure (Figs. 1, 2 and 5), may be accommo-

dating approximately N±S extensional strain caused by

the slip on the FiFS and FFS. We investigate this

further in the following sections.

4.4. The Campofelice fault (CFF)

The NW±SE-trending Campofelice fault outcrops as
a Cretaceous limestone scarp for about 5 km and
bounds the northeastern edge of Piano di Campofelice
(Fig. 7). Recent scree and alluvium are present in the
hanging wall. Scarp height reaches a maximum of 4.0
m and decreases to 0.5 m at the NW end. Fault striae
indicate almost pure dip-slip movement. Slip directions
vary only slightly (198±2128) along the main scarp
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(Fig. 7; Table 2). The mean slip direction is 2068,
nearly 208 di�erent to the regional extension direction

of 2258.
The CFF o�sets glacial surfaces and so we can use

the method described above to estimate minimum de-

formation rates across the fault. O�set glacial surfaces

across the CFF yield rates of throw and displacement

of 0.13±0.16 mm/y and 0.17±0.18 mm/y, respectively,
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and of horizontal extension of 0.08±0.11 mm/y
(Table 2). These rates are far lower than those deter-
mined for the FFS and FiFS (see above and Table 1).

4.5. The Tre Monti fault (TMF)

The Tre Monti fault is a NE±SW-trending normal
fault which downthrows to the SSE (Fig. 8). The fault
outcrops for 06 km along the southern slopes of Tre
Monti as an almost continuous series of Mesozoic
limestone scarps, with strikes varying between 0358
and 0858. Observed scarp heights vary between 1.0 and
3.0 m. Plio-Pleistocene continental sediments outcrop
in the hanging wall and are in places tilted toward the
fault scarp (see also Galadini and Messina, 1994). Out-
crops in lacustrine and alluvial sediments de®ne a less
continuous ENE±WSW fault at the foot of the moun-
tain slope, with upper Pleistocene sediments exposed in
its hanging wall but having no clear Holocene scarp
[Avezzano±Celano fault (ACF) of Galadini and Mes-
sina, 1994]. Fault striae indicate almost pure dip-slip
movement along most of the Tre Monti fault. Slip
directions vary from 136±2008 along the main scarp,
with a mean slip direction towards 1538 (Fig. 8;

Table 2), about 708 di�erent to the regional extension
direction.

O�set glacial surfaces were used to estimate mini-

mum deformation rates across the TMF. Rates of
throw and displacement are 0.04±0.20 mm/y and 0.04±

0.22 mm/y, respectively, and rates of horizontal exten-
sion are 0.02±0.09 mm/y (Table 2). These rates are far

lower than those determined for the FFS and FiFS
(Table 1) and are of similar magnitude to those de-

rived for the VMF and CFF (Table 2).

4.6. Summary

The FiFS and FFS are major NW±SE-trending nor-

mal faults that accommodate a portion of the present-
day regional NE±SW extension across the central

Apennines. Within the en eÂ chelon step between the
FiFS and FFS, minor normal faults (having lower

slip-rates and slip directions generally towards the S
rather than the regional SW) such as the VMF and

TMF are also active. We interpret the stepover
between the FiFS and FFS as a fault segment bound-

ary: the Velino fault segment boundary (VFSB).
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5. Deformation within the VFSB

The slip directions on the minor faults (CFF, VMF,
TMF) change with distance from the centre of the
FFS (Figs. 1 and 9). The di�erence between the mean
slip direction and the regional extension direction (at
the point of maximum displacement) has been plotted
as a function of distance from the centre (point of
maximum displacement; point X, Fig. 1b) of the FFS
(Fig. 9b). The CFF has a mean slip direction of 2068

and is 23 km from the centre of the FFS (line X,
Fig. 1b); similarly, the VMF has values of 1828 and
15.5 km and the TMF 1538 and 9.5 km. A good linear
correlation is found (Fig. 9b). The slip directions on
these faults appear to be controlled by distance along,
and therefore vertical motion across, the FFS.

Rates of horizontal extension across the faults
within the VFSB are illustrated with vector arrows in
Fig. 9(a). The orientations of the arrows show the
directions of movement of the hanging wall relative to

Fig. 8. Map of the Tre Monti fault (TMF) (after Galadini and Messina, 1994). The stereonets (lower hemisphere) show poles to fault planes

(open squares) and lineations (striations, corrugations) on the fault planes (®lled circles). Heavy arrows indicate the mean fault-slip direction for

each locality. Locality details are in Table 2. ACFÐAvezzano±Celano fault.

N.C. Morewood, G.P. Roberts / Journal of Structural Geology 22 (2000) 1027±10471040



points in the immediate footwall and their lengths are
proportional to the rates averaged over the past 18 ka.
In order to investigate the strain within the VFSB we
have summed horizontal extension rates along three
transects (Fig. 9a). Transect A±A ' strikes NW±SE,
parallel to the FiFS, FFS and the general trend of the
Apennine chain; transect B±B ' strikes N±S and inter-
sects all the major faults in the Velino±Magnola area;
transect C±C ' strikes NE±SW, parallel to the regional
extension across the Apennine chain (Anderson and
Jackson, 1987; Ward and Valensise, 1989; Westaway et
al., 1989). The nearest calculated rate to the intersec-
tion of the transect with a fault was used. Trigon-
ometry was used to calculate the components of
motion parallel to the transects where fault-slip is obli-
que to these directions. The transects are the same
length, allowing comparison of their magnitudes.
Between them, the transects cover much of the VFSB
and therefore provide a representative picture of the

strain pattern within the area since 18 ka. The summed
extension rate accommodating strike-parallel NW±SE
extension along line A±A ' is 0.14 mm/y and accommo-
dating strike-normal NE±SW extension along line C±
C ' is 0.68 mm/y. The summed extension rate accom-
modating N±S extension along line B±B ' is 0.43 mm/y.
The three-dimensional strain within the VFSB is pre-
dominantly oblate vertical ¯attening with the x-direc-
tion elongated parallel to the regional extension
direction (2258) indicated by focal mechanisms and
borehole breakout data (Anderson and Jackson, 1987;
Ward and Valensise, 1989; Westaway et al., 1989;
Amato et al., 1995; Amoruso et al., 1998). This is a
similar style of deformation to that described for a seg-
ment boundary between two normal faults in the Gulf
of Corinth, Greece (Morewood and Roberts, 1997).

It is interesting to note that the NE±SW extension
rate across the distributed faults in the VFSB (0.68
mm/y) is similar to that across the centre of the FiFS

Fig. 9. (a) Horizontal velocity vector arrows for the faults within the Velino fault segment boundary (VFSB), located in Figs. 1(b) and 5(a).

Arrows represent the average horizontal extension rate across a fault over the past 18 ka in mm/y in the direction shown and relative to a point

in the footwall at each locality. Lines A±A ', etc., indicate transects along which rates have been summed (see text for discussion). (b) Di�erence

between the mean slip direction of a fault and the regional extension direction (2258) plotted as a function of the distance of the fault from the

centre of the Fucino fault (FFS) (indicated by `X' in Fig. 1b). The mean slip direction on a fault tends towards a 908 di�erence from the regional

extension direction as the centre of the FFS is approached. See text for discussion.
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(0.64 mm/y). Both these values are far less than the
NE±SW extension rate across the centre of the FFS
(1.60 mm/y). This is interesting because many studies
have suggested that segment boundaries are sites of
long-term displacement de®cit along normal fault sys-
tems (e.g. Schwartz and Coppersmith, 1984; Wheeler,
1987, 1989; Crone and Haller, 1989; Zhang et al.,
1991). If the NW end of the FFS is ignored in sum-
ming the NE±SW extension across the VFSB (perhaps
because it bounds rather than forms part of the VFSB)
the value would fall to 0.13 mm/y. Alternatively, a
longer NE±SW transect that crosses the centres of

both the FiFS and the Corno fault (CFS, Fig. 1) gives
a summed rate of extension of 0.97 mm/y, a value
greater than that for NE±SW extension across the
stepover. This may indicate that the FiFS and CFS are
acting in unison to maintain the regional extension
rate, and that the stepover is an area of slip-de®cit.
However, some studies have suggested that the
summed displacements across segment boundaries or
relay zones are comparable to the displacements on
the neighbouring faults (Anders and Schlische, 1994;
Dawers and Anders, 1995) and our data do not pre-
clude the possibility that there is no de®cit in the re-

Fig. 10. Possible model for the evolution of the Abruzzo normal fault system. (a) At the present time, slip on the VMF and TMF is controlled

by the throw and kinematics on the FFS (see text). (b) Inferred interaction between the VMF and FFS may lead to linkage of the two faults.

The northern end of the FFS and the CFF become inactive faults in the footwall of the newly linked fault. The slip direction on the VMF

changes to accommodate the regional extension (2258). The TMF, now in the central part of the new fault's hanging wall, may change its kin-

ematics in order to accommodate the change in slip direction on the adjacent part of the new fault. Alternatively, the TMF may become inactive.

A segment boundary (SB) may still exist between the new fault and the FiFS (note the di�erence in slip direction across the segment boundary).

(c) Linkage may occur between the FiFS and the larger fault, forming a much longer, single fault. The kinematic pattern on this new fault would

be similar to that observed on the FFS and FiFS today, with dip-slip in the central portion, accommodating the regional extension, and oblique-

slip towards its ends. See text for discussion.
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gional extension rate across the stepover described
here.

6. Discussion

We have shown that three-dimensional strain has
developed in the stepover between two major normal
faults and is synchronous with plane strain defor-
mation associated with dip-slip faulting at the centres
of the major faults. To accommodate this spatial
change in the strain, dip-slip at the centres of the
major faults becomes progressively more oblique
towards their lateral terminations (Fig. 1b). Along-
strike extension in the stepover occurs across dip-slip

faults oriented obliquely to the major faults (e.g. VMF
and TMF). This is similar to the release fault geometry
described by Destro (1996). The slip directions on the
faults within the stepover become more oblique to the
regional extension direction as the centre of the FFS is
approached. Slip directions on these small dip-slip
faults appear to be controlled by distance, and there-
fore throw variation, along the major fault (the FFS).
This relationship between the throw and kinematics
of the major fault and the minor hanging wall faults
is interesting and, to our knowledge, has not been
previously reported.

Along-strike extension in the stepover is probably
mainly due to subsidence of the neighbouring FFS
hanging wall basin and associated stretching of the

Table 1

Fault orientation and deformation rate data for the Fiamignano (FiFS) and Fucino (FFS) faults. DispÐdisplacement; TRÐthrow rate; DRÐ

displacement rate; HE(R)Ðhorizontal extension (rate). Deformation rates are stated for the vertical plane containing the mean slip-vector azi-

muth at each locality. Numbers in italics are data inferred from the nearest available data; mean dip and fault-slip direction only. Localities are

shown in Figs. 1(b), 5(a) and 6. Sources of trench data are as follows: �1 Galadini et al. (1997); �2 Michetti et al. (1996). Values for localities 41

and 49 are in close agreement with the ®ndings of Pantosti et al. (1996) and are discussed in the text

Locality Mean

strike/dip

Mean

slip

vector

Total

throw

(m)

18 ka scarp

height

(m)

Throw since

18 ka

(m)

Disp since

18 ka

(m)

HE since

18 ka

(m)

TR since

18 ka

(mm/y)

DR since

18 ka

HER since

18 ka

Fiamignano fault segment (FiFS)

55 138/72 37±262 200 4.0 4.0 6.7 5.3 0.22 0.37 0.29

56 114/44 41±223 1700 10.0 10.0 15.2 11.5 0.56 0.84 0.64

7 131/58 44±177 400 4.0 4.0 5.8 4.1 0.22 0.32 0.23

Fucino fault segment (FFS)

1 174/66 38/283 300 5.0 5.0 8.1 6.3 0.28 0.45 0.35

3 117/76 53±176 23.5 23.5 29.4 17.7 1.31 1.63 0.98

4 086/75 63±146 2.0 1.5 1.7 0.8 0.08 0.09 0.04

18 096/76 72±198 0.5 0.4 0.4 0.1 0.02 0.02 0.01

19 093/78 74±176

20 097/71 66±175

21 101/75 40±130

22 103/70 58±171

23 144/60 58±236

36 077/73 43±115

37 108/60 41±150

38 101/50 47±184

39 152/66 57±215

40 091/61 58±183

41 168/58 48±230 12.0 11.0 14.8 9.9 0.61 0.82 0.55

44 70 ÿ198 0.5 0.5 0.5 0.5 0.03 0.03 0.01

45 70 ÿ176 2.0 2.0 1.6 0.6 0.10 0.09 0.03

46 091/68 64±165 2.0 1.5 1.7 0.7 0.08 0.09 0.04

47 092/68 63±166

49 70 ÿ165 5.8 3.6 3.8 1.3 0.20 0.21 0.07

59 140/73 72±261 600 0.56 0.58 0.20 �1
60 150/54 71±248 800 0.78 0.82 0.28 �1
61 153/46 59±229 1300 1.67 1.94 1.12 �1
62 70 ÿ229 2200 36.0 36.0 38.3 13.1 2.00 2.13 0.73

63 112/70 65±197 1400

64 105/41 42±204 1200 20.0 20.0 29.9 7.3 1.11 1.66 0.41

65 196/41 50±204 1100 14.5 14.5 18.9 5.3 0.81 1.05 0.29

66 126/53 44±182 400 11.0 11.0 15.8 4.0 0.61 0.88 0.22

67 155/44 59±151 400 11.0 11.0 12.8 4.0 0.61 0.71 0.22

68 153/45 ÿ229 1.60 1.60 1.60 �2
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hanging wall surface; the VMF and TMF downthrow

towards this basin (Fig. 1). Similar mechanisms for
along-strike extension at the ends of normal faults
have been suggested by Anders et al. (1990) for the
northeastern Basin and Range, USA, and by More-
wood and Roberts (1997) for the eastern Gulf of Cor-
inth, Greece. Subsidence of the FiFS hanging wall
basin appears to have little e�ect on the kinematics
within the stepover, perhaps because of the left-step-

ping geometry of the fault system.

Earlier we stated that knowledge of the geometry,
kinematics and rates of extension in stepover zones
prior to fault linkage might help us understand how
deformation proceeds during linkage across such
zones. In the pre-linkage example described in this

paper, distributed along-strike extension in the step-
over (0.14 mm/y) has proceeded at a rate of 13±22%
of that for fault-normal extension at the centres of the
major faults (1.12 mm/y, FFS; 0.64 mm/y, FiFS) over
at least the past 18 ka. Although not directly analo-
gous, these values are similar to rates of along-strike
motion at the lateral terminations of isolated normal
faulting earthquake ruptures compared to those for

slip at the centre of the rupture, both for elastic half-

space models (20%) (Ma and Kusznir, 1995) and for a
natural example measured geodetically using GPS fol-
lowing the 1995 Kozani±Grevena earthquake (Ms 2
6.6), Greece (8±14%) (Clarke et al., 1997). Similar
characteristics were also observed for a segment
boundary in the Gulf of Corinth, Greece (Morewood
and Roberts, 1997). The actual values for along-strike

extension within the stepover presumably scale with
the slip-rates on the bounding major faults. The point
here is that along-strike extension in stepovers is sig-
ni®cant when compared to fault-normal slip across the

centres of the major faults. However, following link-
age, individual locations in the stepover would either
be part of the hanging wall or footwall of the new,

longer, linked fault, and would themselves be subsiding
or uplifting (Fig. 10). Presumably, following linkage,
along-strike extension would cease in the area pre-
viously occupied by the stepover and be replaced by

plane strain deformation similar to that at the centres
of the pre-linkage major faults (Fig. 10). Dip-slip faults
oriented obliquely to the major faults within former
stepovers would presumably either (1) become inactive

Table 2

Fault orientation and deformation rate data for the Velino±Magnola (VMF), Tre Monti (TMF) and Campofelice (CFF) faults. Localities are

shown in Fig. 5(a), 7 and 8. Details as for Table 1

Locality Mean strike/dip Mean slip vector 18 ka

scarp

height

(m)

Throw

since 18

ka (m)

Disp

since 18

ka (m)

HE

since 18

ka (m)

TR since

18 ka

(mm/y)

DR

since

18 ka

HER since

18 ka

Velino±Magnola fault (VMF)

5 094/76 62±159

6 083/49 46±185 4.8 3.5 4.6 3.0 0.19 0.26 0.17

32 124/58 56±194 5.0 3.4 4.1 2.3 0.19 0.23 0.13

33 083/73 71±167

34 089/63 58±170 2.0 1.4 1.6 0.7 0.08 0.09 0.04

35 117/60 52±193 5.0 3.4 3.9 2.0 0.19 0.22 0.11

Tre Mont1 fault (TMF)

11 073/76 71±147

12 127/68 64±194 8.0 3.6 3.9 1.5 0.2 0.22 0.08

13 079/65 63±165

14 043/85 63±156

15 080/65 57±136 3.2 2.4 2.9 1.6 0.13 0.16 0.09

16 097/72 66±200

17 058/72 71±146

24 046/71 68±146 3.0 2.4 2.6 1.0 0.13 0.14 0.06

25 064/60 52±143

26 080/56 61±164

27 072/69 67±159

28 065 ÿ134 1.0 0.7 0.8 0.3 0.04 0.04 0.02

29 048/55 52±134 2.5 1.8 2.3 1.4 0.1 0.13 0.08

30 033/42 41±126

31 082/60 53±158 1.0 0.7 0.9 0.5 0.04 0.05 0.03

Campofelice fault (CFF)

50 132/63 59±212 4.0 2.8 3.3 1.7 0.16 0.18 0.09

51 107/56 52±198 4.0 2.4 3.1 1.9 0.13 0.17 0.11

52 129/66 64±211 4.0 2.9 3.2 1.4 0.16 0.18 0.08
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following linkage, due to the cessation of along-strike
extension, or (2) change their kinematics to accommo-
date a slip direction parallel to the regional extension
direction (e.g. TMF, Fig. 10). Thus, the geometry, kin-
ematics and rates of deformation within the stepover
would change in some way at the time of linkage. Our
linkage model (Fig. 10) is only a possible evolution for
the studied fault system based on the observed data
and other models for the growth of fault systems (e.g.
Cartwright et al., 1995, 1996; Cowie, 1998). The point
is that we do not know how the kinematics of fault
systems evolve through time. Detailed studies of
mature fault systems may enhance our knowledge
regarding this subject.

The above implies that the rates of fault-slip for
release faults in stepovers are not controlled simply by
the regional extension rate and the number of active
faults of given dimensions in the fault system (cf.
Nicol et al., 1997). Rather, their slip-rates are con-
trolled by a combination of (1) the above, (2) the rates
of slip of the neighbouring major faults and (3) the
stage in the linkage process that has been achieved.
The above underlines the conclusion that slip rates can
be controlled by fault interaction and the stage in the
linkage-growth history achieved by the faults (e.g.
Cowie, 1998). However, here we show that the slip
rates and kinematics, and hence the strain patterns
along fault systems can only be understood when the
location of the area to be considered is known in re-
lation to the positions of present and past stepovers.

7. Conclusions

1. The FiFS and FFS are major NW±SE-trending
faults that accommodate a proportion of the pre-
sent-day regional NE±SW extension across the cen-
tral Apennines.

2. Within the en eÂ chelon step between the FiFS and
FFS, minor faults (having lower slip-rates and slip
directions towards the S rather than the regional
SW) such as the VMF and TMF are also active.
We interpret the stepover between the FiFS and
FFS as a segment boundary: the Velino fault seg-
ment boundary (VFSB).

3. Slip-vector azimuths de®ned by striations on the
faults within the VFSB indicate NE±SW extension
on NW±SE faults, sub-parallel to the regional
extension direction, together with signi®cant and
contemporaneous (during the last 18 ka) NW±SE
extension on ESE±WNW and ENE±WSW faults.

4. Three-dimensional strain occurs within the VFSB,
as opposed to the plane strain across the centres of
the major bounding faults (FiFS and FFS). Similar
strain distributions have been described elsewhere

and may be common within actively extending areas
worldwide.

5. High fault-normal extension, relative to one of the
neighbouring faults (FiFS), is observed across the
stepover (VFSB).

6. Slip directions on release faults in the hanging walls
of major faults become more oblique to the regional
extension direction as the centre of a major fault is
approached.

7. Slip directions for faults in stepovers are controlled
by both the regional extension and local subsidence/
uplift variations along the major bounding faults.

8. Slip-rates for release faults in stepovers are con-
trolled by (i) the regional extension rate, (ii) the
number of active faults of given dimension in the
fault system, (iii) the rates of slip of the neighbour-
ing major faults and (iv) the stage in the linkage
process that has been achieved.
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