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Abstract

Throw rates, throws and kinematic data have been collected from a localised system of active normal faults in the southern Apennines, Italy,
to assess how its growth history differs from that for a distributed fault system in the central Apennines. Both show evidence for fault interaction
in that (1) faults located centrally along strike have higher throws and throw rates than distal faults, and (2) cumulative throw and throw-rate
profiles summed across strike show central maxima with values decreasing to zero at fault system tips. However, although throw rates increased
through time in the central Apennines, we are unable to resolve such changes if they exist for the southern Apennines. Specifically, throw rates
derived from offsets of 18 ka geomorphic surfaces are consistent with total throws in the southern Apennines when extrapolated back through
time, but overestimate total throws in the central Apennines by a factor of 2.4, suggesting an increase in throw-rate through time for the latter.
We discuss why some fault systems appear to have throw rates that are constant through time whilst others accelerate during growth/interaction.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Slip-rate histories on normal fault systems are a funda-
mental constraint on continental deformation because they
control earthquake recurrence intervals and provide a time-
scale for processes responsible for basin formation and lith-
ospheric thinning. Recently, observations of natural fault
systems have shown that for some, slip rates change through
time due to interaction during fault growth (McLeod et al.,
2000; Roberts et al., 2002; Chevalier et al., 2003; Roberts
and Michetti, 2004; Taylor et al., 2004; Cowie et al.,
2005) (Fig. 1). Specifically, as faults increase in size and ac-
commodate more strain per unit time, some faults within
a system cease to be active whilst slip rates on others in-
crease to maintain constant regional strain rates. Fault
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dimensions and the positions of active faults evolve until
late in the faulting history in these examples (up to 75%
of the rifting history; Roberts and Michetti, 2004; Cowie
et al., 2005). These observations are consistent with numer-
ical models of fault growth, and growth histories suggested
by observations of scaling between fault lengths and dis-
placements during growth by propagation, linkage and inter-
action (Cartwright et al., 1995; Cowie, 1998; Cowie and
Roberts, 2001). However, observations of other fault sys-
tems suggest that slip rates are essentially constant through
time (Nicol et al., 1997; Walsh et al., 2001, 2002; Meyer
et al., 2002). Fault patterns were established early in the
faulting history in these examples (e.g. within the first
18e19% of the rifting history; Walsh et al., 2002). These
conflicting findings lend uncertainty to understanding of
processes responsible for basin formation, lithospheric thin-
ning and seismic hazard. If the above variations are real, it
would help to know what controls such variation in slip-rate
histories.
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In this paper we investigate the throw-rate history (vertical
component of slip rate) of an active normal fault system in
southern Italy, and show that we cannot resolve an increase
in throw-rate through time or death of large, basin-bounding
faults across strike. We choose this example because, in con-
trast, throw rates in the central Apennines increased in the
Mid-Upper Pleistocene (Cavinato et al., 2002; Roberts et al.,
2002; Roberts and Michetti, 2004), coincident with death of
large basin-bounding faults neighbouring the Tyrrhenian coast
(Fig. 1a); extension was distributed across the Apennines and
the Tyrrhenian coastal plain prior to this time (Cavinato and
De Celles, 1999; Galadini and Messina, 2004). As the central
and southern Apennines share tectonic histories and litho-
spheric structure, the difference between them cannot be ex-
plained in this way. However, we note that the fault systems
have different geometries (Fig. 1a), and the southern Apen-
nines has higher heat flow (Minissale, 2004; see below for de-
tails). Our aim is to document the growth history of the fault
system in the southern Apennines, and discuss why it differs
from that in the central Apennines.

2. Geological background

The Apennines are part of the Alpine orogenic system that
formed as a result of the subduction of Tethyan ocean crust
and collision between African continental fragments and the
Eurasian plate (Doglioni et al., 1996). During the Upper Mio-
ceneeLower Pliocene, extension and accretion of new oceanic
crust occurred in the Tyrrhenian Sea west of Italy (Lucente
et al., 1999). Active subduction of the Ionian sea beneath Cala-
bria was occurring at the same time with a progressive east-
ward migration of compressional fronts (Malinverno and
Ryan, 1986). Pliocene rocks have been encountered in wells
penetrating carbonate thrust sheets in the southern Apennines
(see Butler et al., 2004), but by the late-middle Pliocene, short-
ening was replaced by extension (e.g. Malinverno and Ryan,
1986; Mostardini and Merlini, 1986; Patacca et al., 1990; Cav-
inato and De Celles, 1999). Processes relating to today’s ex-
tension are attributed to either isostatic rebound associated
with detached lithosphere (Westaway, 1993), ongoing sub-
crustal processes involving mantle convective flow that affects
surficial structures (D’Agostino et al., 2001) or to subducted
slab retreat processes (Malinverno and Ryan, 1986; Royden
et al., 1987; Doglioni et al., 1996; Cavinato and De Celles,
1999). The southern Apennines are characterised by heat-
flows as high as 40e80 mW/m2, the presence of active volca-
noes (Vesuvius and Vulture), CO2 emission sites (Mefite,
Monticchio, Maschito and Contural), >20 �C hot-springs (S.
Teodori and Contursi), and 3He/4He ratios of >1.5, indicating
a relatively major mantle contribution to heat-flow (see Minis-
sale, 2004 for details). In contrast, heat-flow in the central
Apennines is only as high as 30e40 mW/m2, and there are
no major active volcanoes, CO2 emission sites or >20 �C
hot-springs, and mantle contributions to heat-flow are lower
with 3He/4He ratios of >0.2 to <0.4. Despite this, the central
and southern Apennines share similar P-wave velocity struc-
tures from tomography, and mantle anisotropy orientations
from shear-wave splitting studies at 150 km depth, and free-
air gravity values (D’Agostino et al., 2001; Margheriti et al.,
2003).

Present day extension in the Apennines occurs across active
normal faults that mostly strike parallel to the mountain chain
(Anderson and Jackson, 1987; Cinque et al., 2000). The timing
of initiation of extension in the southern Apennines probably
occurred at around 1.8e3.0 Ma because in places Mid-Upper
Pliocene sediments infill the hangingwall basins to the faults
(Bartole et al., 1984; Westaway and Jackson, 1987; Westaway,
1987; Patacca et al., 1990; Knott and Turco, 1991; Oldow
et al., 1993; Ferranti et al., 1996; Ascione and Romano,
1999; Ascione et al., 2003; Barchi et al., in press). Extension
is associated with Ms 5.5e7.0 surface faulting earthquakes
(e.g. Westaway and Jackson, 1987; Bernard and Zollo, 1989;
Boschi et al., 1995; Michetti et al., 1997; Selvaggi et al.,
1997; Michetti et al., 2000; Porfido et al., 2002), such as the
1980 Irpinia earthquake (Ms 6.9e7.0; c. 3000 deaths). These
events record normal faulting and a NEeSW extension, con-
sistent with borehole break-out and fault-slip data (Anderson
and Jackson, 1987; Amato et al., 1995; Hippolyte et al.,
1995; Amato and Montone, 1997; Selvaggi et al., 1997). Mi-
chetti et al. (1997) (see also Cinti et al., 1997), revealed
through trenching investigations that the most recent surface
faulting event on the Pollino fault (Fig. 2b), occurred between
the XIII and XV century A.D., but is not reported in the his-
torical catalogue, implying that the historical record is incom-
plete for a period longer than 600e700 years. A number of
other trench site investigations also provide invaluable infor-
mation on the Holocene palaeoearthquakes and deformation
rates in the region (e.g. D’Addezio et al., 1991; Pantosti
et al., 1993; Vittori et al., 1995).

3. Geomorphological setting

Geomorphological offsets across active normal fault scarps
displacing slopes formed during the last glacial maximum (c.
18 ka) allow assessment of the throw rates across the active
faults in the Apennines. Roberts and Michetti (2004) and Pa-
panikolaou et al. (2005) measured the vertical offsets across
fault scarps in the central Apennines to reveal rates of throw
across the faults since the last glacial maximum with the tim-
ing constrained via tephrachronology and radiocarbon ages for
colluvial deposits around the faults. Also, 36Cl exposure dating
of a fault plane associated with a scarp has supported the re-
sults of these workers, revealing that the scarps are indeed
post-glacial (Palumbo et al., 2004). These workers found
that the Magnola fault in the central Apennines has accumu-
lated c. 12 m of slip in c. 12 kyrs through repetition of me-
tre-sized slip events, implying a slip rate of about 1 mm/yr.
This paper builds on the above and presents data on the verti-
cal offsets across post-last-glacial-maximum faults scarps in
the southern Apennines.

Several mountains in the southern Apennines show traces
of former glaciations. All the glacial remains (moraines, till
deposits, cirques) belong to the last glacial maximum between
21e18 ka, when the permanent snow line reached its lowest
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limit at about 1600e1750 m (Palmentola et al., 1990). Areas
not covered by ice experienced periglacial conditions with vig-
orous freeze-thaw action, a sparse vegetation cover and high
erosion and deposition rates. Scarps formed by ongoing active
normal faulting were rapidly eroded and even buried by depo-
sition of colluvial deposits because sedimentation and erosion
rates exceeded fault throw rates. When the climate changed
the slopes were preserved due to slope stabilisation related
to re-establishment of temperate vegetation (e.g. Allen et al.,
1999). It can be shown using tephrachronology that the last
glacial maximum slopes are covered in only a few centimetres
of Holocene deposits (e.g. Giraudi, 1995). Thus, scarps record
the offset that has accumulated since the last glacial maximum
at c. 18 ka. In this paper we present a detailed survey of the
spatial variations in offsets across scarps, which we use to as-
sess the spatial variation in throw rates across the faults aver-
aged over 18 kyrs (Figs. 3e8). We assume the scarps date
from 18 ka to minimise extension rates, although they could
be as young as 12 ka (Palumbo et al., 2004).

4. Methodology

4.1. Fault map traces

The traces of all major active normal faults in the southern
Apennines were identified from published geological maps
and checked in the field; in places they were re-mapped using
1:100,000 topographic maps and a hand-held GPS (Fig. 2b).
Determining the fault lengths is a difficult task because the
faults appear to be segmented at a length scale of c. 5e
15 km with small-scale en echelon fault overlaps (transfer
zones or relay ramps) separating different fault segments. Ad-
ditionally, some of the faults have very subtle geomorphic ex-
pressions where they enter rock types such as flysch or
foredeep deposits close to fault tips. Following the methods
of Roberts and Michetti (2004) who studied the central Apen-
nines, we collected throw, throw-rate and kinematic informa-
tion to help us verify fault lengths as described below.

4.2. Throw profiles

We constructed throw profiles by drawing serial cross-
sections across each major active fault, using published 1:100,000
topographic and geological maps (Servizio Geologico D’Italia,
1969a,b, 1970a,b,c,d, 1971; CNR, 1990; Corrado et al., 2002)
(Fig. 3), backed up by our field observations. An attempt was
made to use the structural style visible on well-exposed faults to
extrapolate above and below ground level during cross-section
construction (see Roberts and Michetti, 2004). Errors on throws
are variable and were quantified separately for every cross section.
In most cases, errors represent 20e25% of the total finite throw
values, which is sufficient for our purposes. Throw-distance
profiles were constructed for each fault and our preliminary
estimation of the fault tip locations was guided by a search for
places where throws decrease to zero.

4.3. Fault slip directions

Striations, corrugations and fault plane orientations were
measured at a number of localities along each fault in order
to constrain the kinematics of the faulting and hence fault
lengths (Figs. 6 and 7). Study of normal faults has shown
that slip directions can help define fault lengths because they
vary with throw and distance, converging towards the fault
hangingwalls (Roberts, 1996; Michetti et al., 2000; Roberts
and Ganas, 2000); fault lengths should therefore be reflected
in the length-scale of the converging patterns of fault slip.
We measured the strike and dip of faults and the plunge and
plunge directions of lineations on fault planes close to the
ends and centres of the normal faults indicated by the throw
and fault trace analysis described above. We measured both
the main fault planes (including variations due to the corru-
gated nature of the planes) and smaller minor fault surfaces
in both the hangingwall and footwall where available. These
920 measurements were made at 47 localities. Localities
were small (<c. 400 m2) compared to the lengths of the faults
(20e40 km). Mean values for the slip direction were calcu-
lated for each site using Fisher statistics in standard stereo-
graphic projection computer packages (Fig. 4). The errors on
the mean values for each site are variable, but the mean error
is �13.8� at the 99% confidence level, a value that is much
smaller than the observed variation (c. 145�).

4.4. Deformation rates

Deformation rates in the southern Apennines have been de-
rived from published palaeoseismological results and new
Fig. 1. (a) Location map for the southern and central Apennines, Italy. Active faults shown offset Holocene sediments or landforms. Profiles show throws of pre-rift

strata summed across strike for the active faults. Note the zone of faults that became inactive in the Mid-Pleistocene in the central Apennines; throws for these

faults are not included in the profile. The summed throw profiles show that extension occurs in two distinct patches along the strike of the Apennines, and we use

the lengths of these patches to define the lengths of the fault systems in the central and southern Apennines. Question mark indicates where throw data are un-

available. Values show extension rates (from Roberts and Michetti, 2004 and this study), and heatflow (from Minissale, 2004). (b) Model of how throw-distance

profiles develop. Faults grow via lateral propagation and linkage/interaction in Stage 1. In Stage 2, faults interact across over longer distances via their stress fields

in the manner shown in (c), and central faults develop enhanced slip rates as in (d). The overall displacement profile at the end of Stage 2 (d2 ¼ gL2) has the same

throw/length ratio as the original shorter faults at the end of Stage 1 (d1 ¼ gL1). (c) Change in the Coulomb failure function following rupture of a normal fault in

an earthquake. Optimally oriented faults in the zones of positive change are brought closer to failure whilst those in the zones of negative change have the time to

failure increased. (d) Throwetime plots for central and distal faults in (b). (e) Detailed plot of cumulative throw summed across strike against distance along the

strike of the fault system in the central Apennines. Also shown are throws that would develop if throw rates measured from the central Apennines were allowed to

run for 3 Myrs, which is the time of fault initiation (Roberts and Michetti, 2004). The predicted throws exceed those measured in the centre of the fault system,

consistent with the throw back-stripping shown in (f), and the idea that elastic interaction between faults causes increases in throw-rate on central faults (Cowie and

Roberts, 2001). (f) Example of a throwetime plot from the central Apennines.
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Fig. 2. (a) Location map showing the positions of the fault systems in the central and southern Apennines referred to in this paper. Tyr. is the Tyrrhenian Sea; Ad. is

the Adriatic Sea. (b) Fault map with a UTM grid for the southern Apennines, located in (a). Arrows show fault slip directions from Fig. 4. VF, Volturara Fault; IrF,

Irpinia Fault; AnIrF, Antithetic Irpinia Fault; SGF, San Gregorio Fault; AlF, Alburni Fault; VDF, Vallo di Diano Fault; VAF, Val d’Agri Fault; MaF, Maratea Fault;

MAlF, Monte Alpi Fault; MeF, Mercure Fault; PF, Pollino Fault; CiF, Civita Fault; CaF, Castrovillari Fault. BeC: total length of the fault array.
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Fig. 4. Lower hemisphere stereographic projections of striations and corrugations on fault planes for localities shown on Fig. 2. Filled squares are individual mea-

surements; open circles are the mean vectors calculated using Fisher statistics; black arrows are the azimuth of the mean vectors, which are also shown on Fig. 2.

‘‘Main Lines’’ means data were collected solely from the main fault plain separating syn-rift hangingwall rocks from pre-rift footwall rocks. ‘‘FW Lines’’ means

data were collected from the footwall fault array within 10 m across strike of the main fault plane. ‘‘All Lines’’ means both data from the main fault plane and the

footwall fault array are plotted on the same stereographic projection.
geomorphic observations of displaced 18 ka sediments and
landforms (see Section 3). Quantitative data were extracted
from topographic profiles measured perpendicular to the trace
of fault scarps where the vertical offset of the 18 ka surfaces
corresponds to the total throw in that time (Figs. 5 and 6)
(see Papanikolaou, 2003 for more detailed scarp profile
data). Care was taken to measure scarp profiles away from hu-
man disturbance, or post-18 ka erosion and sedimentation.
Where scarps were inaccessible due to steep slopes, throw
values were estimated in the field and then re-examined in
the laboratory after examining photos with clear objects for
scale. All the scarp profiles were constructed through chain
surveying techniques using a ruler (1 m) and a clinometer. Er-
rors on individual slope measurements were <5�, whilst errors
in the chain surveying would show a Gaussian distribution
about the actual values and cancel out; this was confirmed
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Fig. 5. Representative photographs of post-glacial fault scarps in the southern Apennines. (a) c. 4 m of post-glacial throw across the Antithetic Irpinia Fault. (b) c.

5 metres post-glacial throw across the San Gregorio Fault. (c) 4.0e4.5 m of post-glacial throw across the Pollino Fault. (d) c. 15 m of post-glacial throw across the

Val d’Agri Fault. Dashed lines outline triangular facets. (e) c. 8 m of post-glacial throw across the Val di Diano Fault, located in (f) and (g); (f,g) alternative views

of the post-glacial scarp on the Val di Diano Fault. (e) and (g) are looking towards the east; (f) is looking towards the north.
where elevations were checked with a barometric altimeter
with an accuracy of �1 m. Profiles were reconstructed and in-
terpreted in a graphics package and the following features
were interpreted following established methods (Avouac,
1993; Yeats et al., 1997); the upper slope, a degraded scarp,
a free face, a colluvial wedge and a lower slope. The post
18 ka throw is defined as the vertical distance measured be-
tween the intersections of projections of the fault plane, and
the upper and the lower slopes.

We estimate that the total error on the post-18 ka throw is
<c. 20% (Fig. 8), so errors in throw rates across individual
scarps are everywhere <0.2 mm/yr where we have a scarp pro-
file. Where we estimated throws across scarps we show higher
errors determined in the field. In the southern Apennines, all
the throws that have been estimated visually exhibit low throw
rates (<0.7 mm/yr), so an error of �3.6 m (�0.2 mm/yr) is es-
timated for scarps of 5.4 m to 10.8 m high (0.3e0.6 mm/yr)
and an error of �1.8 m (�0.1 mm/yr) is used for scarps less
than 5.4 m high (<0.3 mm/yr).

5. Results

5.1. The lengths and positions of major normal faults

We have identified 11 major active normal faults which ex-
hibit post 18 ka surface faulting. Throws across these faults
vary over distances of about, 20e45 km, showing clear max-
ima and minima (Fig. 8). The minima indicate the lateral fault
tips. This interpretation is supported by fault-slip direction
data which show converging patterns of slip (Fig. 2b). The
converging slip directions support the throw patterns because
they indicate along-strike stretching of the ground that is con-
sistent with the throw variations. Measured throw rates also
vary over distances of about, 20e45 km, showing maxima
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and minima that coincide geographically with the throw max-
ima and minima, and places where large (c. 90� or more) var-
iations in slip direction exist between neighbouring major
faults (Fig. 8). Thus, the throw rates are also consistent with
our interpretation of fault lengths. We stress that the slip direc-
tion, throw and throw-rate values are derived from indepen-
dent data sources, and the fact that they agree suggests that
our interpretation of fault lengths is robust. Table 1 gives
a full account of our data and highlights where we agree or
disagree with throw and throw-rate measurements of other
workers; our data mostly agree with other workers. Although
the faults appear to be characterised by symmetrical throw
and throw-rate profiles, this may be due to the low spatial res-
olution we have achieved close to fault tips. We also note that
faults appear not to be linked, as relay zones between faults do
not appear to contain significant fault offsets. This structural
style is similar to that recorded in the central Apennines
(Piccardi et al., 1999; Roberts and Michetti, 2004).

5.2. Regional kinematics

We have compiled fault slip direction data from the centres
of the faults to calculate the mean fault slip direction and
hence the kinematics for the active fault array (Fig. 7). We
have not used data from localities positioned away from the
interpreted centres of the faults because they will be controlled
by strains produced by along strike stretching of hangingwall
and footwall surfaces. The mean fault slip direction for the ac-
tive fault array is 70.1� plunge towards 230.6 � 3.9� at the
99% confidence level (N ¼ 294) (Fig. 7). This is consistent
with the NEeSW s3 orientation of the active stress field
(Amato et al., 1995; Amato and Montone, 1997; Selvaggi
et al., 1997). This direction is about 90� to the fault strikes
in the region (NW-SE) so the faulting is almost pure dip slip
(Fig. 2b). These values are very similar to those in the central
Apennines measured by Roberts and Michetti (2004) (62�

plunge towards 222 � 4� at the 99% confidence level;
N ¼ 189), reinforcing the notion that the central and southern

N = 294
70.1° 230.6°

Plunge Plunge directionMean

99% Confidence cone radius 3.9°

(a) (b)

Fig. 7. Lower hemisphere stereographic projections of striations and corruga-

tions on fault planes from the centres of the faults in southern Italy. Data are an

extract of those in Fig. 4. (a) Small black squares are individual measurements.

Small open circle is the mean vector. (b) Mean vector and 99% confidence

cone.
Apennines have experienced the same tectonic boundary
conditions.

The conclusion that the southern Apennines contains faults
with overall dipeslip kinematics contrasts with the studies of
other workers who suggest a NNEeSSW extension or a re-
gional oblique extension involving the presence of strike slip
faults (Hippolyte et al., 1994; Cello et al., 1997; Monaco
et al., 1998; Van Dijk et al., 2000). For example, Hippolyte
et al. (1994) suggested that slip data towards the northwestern
end of the Vallo di Diano fault, indicated a NNEeSSW re-
gional extension. However, we suggest that the above mea-
surement, derived from the northwestern end of the fault,
does not indicate a regional extension direction because slip
vectors close to the tip of the fault converge towards its hang-
ingwall to accommodate stretching of the ground surface
along strike the fault. Slip vectors derived from the centre of
the Vallo di Diano fault on a post-glacial fault scarp display
almost pure dipeslip motion, indicating NEeSW extension
(Figs. 2b and 4). Thus, although local oblique or strike-slip
motions occur near fault tips, as is common in other exten-
sional areas (Roberts, 1996; Roberts and Ganas, 2000; Roberts
and Michetti, 2004), the extension in the southern Apennines
is predominantly NEeSW dipeslip.

The conclusion that the motions are predominantly dipe
slip implies that differential rotations about vertical axes for
different fault blocks will be minimal during extension. This
is consistent with palaeomagnetic data from the Apennines
that show no significant post middle-Pleistocene rotations
about vertical axes (Speranza et al., 1998); measured rotations
of small magnitude for Pliocene rocks are probably due to the
last phase of compression in this sector of the Apennines
(Gattacceca and Speranza, 2002). Thus, in the absence of sig-
nificant rotations about vertical axes during normal fault activ-
ity, the heave directions at the centres of the faults can be
considered to be the extension direction.

5.3. Cumulative throw and throw-rate diagram

In order to study how cumulative throw and throw-rate
values vary along the strike of the fault system, throw and
throw-rate profiles for individual faults were constructed
(Fig. 8) and then summed across strike to produce cumulative
throw and throw-rate profiles (Figs. 1 and 9). Values were
summed along 36 NWeSE transects across the faults located
every 5 km along strike.

The cumulative throw and throw-rate profiles show a num-
ber of local maxima and minima. However, overall the
summed profiles resemble that for a single fault in that the
maxima occur close to the centres of the profiles, consistent
with interaction between these crustal scale faults. The summed
profiles show maxima of 3100 � 700 m and 1.1 � 0.25 mm/
yr, respectively. Throws and throw rates decrease to zero at
the ends of the fault system. This is not because we have sim-
ply stopped collecting data. In these locations, it is possible to
travel across the Apennines without crossing an active normal
fault that is known to us. For example, to the immediate south-
east of the Pollino fault, no other major active faults are known
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to exist. The nearest reported active faults are located about
40 km towards the southwest of the Pollino fault, in the Crati
valley and form part of the NeS trending Calabrian fault sys-
tem (Tortorici et al., 1995). Similarly, northwards from the
Volturara fault, it is possible to draw a straight NEeSW ori-
ented transect, without crossing a known active fault. The
nearest known active fault is located a few tens of kilometres
northwest from the Volturara fault and probably hosted the
1962 earthquake sequence (Ms ¼ 6.0, Westaway, 1987),
whereas major surface faulting normal faults are located fur-
ther northwards from the 1962 earthquake sequence in the
area of Benevento related to the 1688 historical event (Di
Bucci et al., 2006) and in the Matese massif (Di Bucci
et al., 2005). Overall, it appears that the extension on major
normal faults dies out northeast of the Volturara fault and
southeast of the Pollino fault, before reaching any other active
faults. Extension in the southern Apennines, occurs as discrete
patches, like that in the central Apennines (Fig. 1).

5.4. Extension rates

Large seismogenic normal faults are approximately planar
in cross section and the majority have dips in the range be-
tween 30� and 60� (Jackson and White, 1989). Thus, we
have converted the summed throw rates (Fig. 9) into heave-
rates, assuming planar fault geometries and a 45� fault dip.
As we have already concluded above (Section 5.2) that overall
the faults accommodate almost pure dipeslip motion with
very low rates of rotation about vertical axes, we can assume
that the extension direction is the same as the heave direction,
that is, 230.6 � 3.9�. Thus, a maximum extension rate of
1.1 � 0.25 mm/yr in a direction of 231e051� is implied.
The curve connecting points on Fig. 9b can be considered to
show the spatial variation in extension rates. This assumes
pure dipeslip at all points along the faults, and does not
take into account the oblique-slip we have measured close to
fault tips; if taken into account, this would decrease the overall
extension rate value by up to about 20%, where values are
summed in the vicinity of fault tips. Also, our data on fault
dips, extracted from fault planes exposed at the surface show
steeper dips (50e65�) than we have assumed; clearly this
would imply an even lower extension rate. However, we do
not know exactly how surface fault dips relate to those at
depth. The focal mechanisms for the 1980 Irpinia earthquake
sequence showed 60� dips for the main rupture, and 70�

dips for the antithetic rupture (e.g. Westaway and Jackson,
1987; Pantosti and Valensise, 1990; Cocco and Pacor, 1993).
On the other hand, seismic reflection profiles suggest an ap-
proximately 50� dip for the Val D’Agri fault and a 45� dip
for the Vallo di Diano fault (Noguera and Rea, 2000; Barchi
et al., in press). As a result, we believe that a 45� fault dip
value is probably a lower bound for the normal faults in the
southern Apennines, thus providing a maximum value for
the extension rate. If we use a higher fault dip value such as
50�, a lower extension rate of 0.92 � 0.21 mm/yr is implied,
with a rate of 0.64 � 0.14 mm/yr for a 60� dip. The rates we
suggest are at the lower end of the range suggested by
palaeoseismology, seismic moment summations and geodesy
(1e6 mm/yr; Westaway, 1992; Pantosti et al., 1993; Anzidei
et al., 2001; Hunstad et al., 2003; Nocquet and Calais,
2004). We note that if extension rates as high as 6 mm/yr
were concentrated on faults we have mapped, and a 45� fault
dip is assumed, deformation for 18 kyrs would imply
a summed scarp height across all the faults of 108 m (72 m
if scarps date from 12 ka; Palumbo et al., 2004). We have mea-
sured a maximum summed scarp height of only c. 20 m
(Fig. 9b). We find it inconceivable that we, and other workers,
have missed 52e88 m of throw across post 18 ka scarps. Ex-
planation of this discrepancy will have to await studies of
the relationship between strains associated with surface fault-
ing and those measured during interseismic strain accumula-
tion (Papanikolaou et al., 2005).

6. Analysis of throw, throw-rate and
fault-length relationships

6.1. Spatial variation in throw/length ratios

The faults described above have lengths in the range of,
20e45 km and maximum throws between 700 and 2100 m
(Table 1). Their throw/length ratios are 0.025e0.058
(Fig. 10), similar to values for faults in the central Apennines
(0.035e0.083; Roberts and Michetti, 2004). These values are
towards the higher end range of equivalent displacement/
length ratios recorded from worldwide databases (0.001e
0.1; Schlische et al., 1996).

Central faults tend to have higher throw/length ratios than
distal faults in the southern Apennines (Fig. 11a). The overall
array has a length of 175 km and cumulative throw summed
across strike of 3100 � 700 m, implying a throw/length ratio
in the range 0.014e0.022 (Fig. 10); the equivalent value for
the central Apennines is 0.014 (Roberts and Michetti, 2004).
Thus, like in the central Apennines, the overall array is un-
der-displaced relative to individual faults within the array,
as expected from Fig. 1c. This may explain why the central
faults have higher throw rates than distal faults; the central
faults may be growing more rapidly, achieving higher indi-
vidual throw/length ratios, in order to achieve an overall
throw/length ratio concomitant with its length and geological
setting (Cowie and Roberts, 2001). This implies interaction
between these crustal-scale faults, in the manner described
in Fig. 1.

6.2. Spatial variation in finite throws

Throws along individual faults decrease from maxima
close to their centres to minima at fault tips (Figs. 8 and
12a). Quantitative analysis shows a relatively strong positive
correlation (R2 ¼ 0.63) between maximum finite throw
values and distance along strike from the nearest end of
the overall fault array (Fig. 11b; see also Fig. 12d for an
indirect measure of the throw maxima). This is also true
of gradients in throw (Fig. 12a,c). Thus, faults with the
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Pollino 32 800 300 0605483 4412366 6 0.33-0.4 S.P.,T. Bedrock scarp and trench

Michetti et al., 1997.

30 0605223 4412845 5.4 1.1 0.3 S.P. Bedrock scarp.

31 0611287 4409150 3.5 0.7 0.19 S.P. Bedrock scarp.

32 0588419 4416598 4-4.5 1.8 0.22-0.25 E.E Bedrock scarp, lower slope

0.2-0.5 S.P. Long-term throw-rate data

(Castrovillari fault). We co
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in the footwall.
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40 0538539 4492238 7.3 1.5 0.41 S.P. Postglacial throw diminishes towards the NW tip of the fault, from

8 m to 7.3 m and 3.3 m, 4 km, 3.5 km and 2 km away from the tip,

respectively.

S.P.

S.P. Bedrock scarp, lower slope is disturbed by cultivation.

E.E Degraded bedrock scarp is hidden by the vegetation, but free-face exists.

S.P. Scarp across colluvium in a chestnut wood forest. We suggest the fault

continues across the Sele Valley due to the converging patterns of slip and

the continuity of the throw profile. The fault has a subdued topographic

expression as it crosses the Sele valley due to lithologies that have a low

resistance to erosion relative to limestone. The converging pattern of slip

explains the difference in extension directions implied by striated faults

at outcrop and the 1980 focal mechanisms.

T. Trench site data from Pantosti et al., 1993.

S.P. Bedrock scarp near Bella. (see also Bernard and Zollo, 1989; Blumetti

et al., 2003). The antithetic Irpinia fault is not considered as a major fault

due to its short length (�15 km) and low throw-rate (w0.2 mm/yr) and

thus it has been excluded from the calculations made later in this paper.

S.P. Bedrock scarp on a SW dipping fault. We suggest this is the main fault as

it displays converging slip directions that correlate with spatial variations

in the scarp height. (see also Ascione et al., 2003; Cinque et al., 2000,

who estimate a slip rate less than 0.5 mm/yr for this fault).

T. Trench site data from D’Addezio et al., 1991 on the NE dipping fault.

E.E. Postglacial throw diminishes towards Balvano village.

E.E. No bedrock scarp observed, possibly covered by lake sediments. Activity

indicated by the presence of two windgaps between the Village of

Volturara and the village of S. Stefano.
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41 0537182 4492810 3.3 0.7 0.18

42 0545958 4479775 9.8 2 0.54

Alburni 25 1150 150 43 0532258 4485676 6-7 3.6 0.39

Irpinia 31 1050 200 44 0515232 4520580 9.8 2 0.54

0.25-0.35

Irpinia Antithetic 15 45 0542557 4514780 4 0.8 0.22
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0.3

47 0538239 4500441 1.5 0.08

Volturara 30 950 300 �0.3

Data source shows whether a trenching (T.) or scarp profile (S.P.) was constructed, or throws across scarps were estimat
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southern Apennines. (c) Fault map drawn at the same scale. Data are summed from across-strike transects located every 5 km along the strike of the fault system.

Fault names are as for Fig. 2.
greatest throws and steepest throw gradients are positioned
in the centre of the array, again consistent with the idea
of interaction between these crustal-scale faults (compare
with Fig. 1c).
6.3. Spatial variation in throw rates

Centrally located faults exhibit higher throw rates com-
pared to the distal faults (Fig. 11c; see also Fig. 12e for an
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indirect measure of the throw-rate maxima). Centrally located
faults also exhibit higher throw-rate gradients compared to the
distal faults (Fig. 12b,e). Again we suggest that the central
faults may be growing more rapidly, achieving higher individ-
ual throw/length ratios, in order to achieve an overall throw/
length ratio concomitant with the overall length of the array
and its geological setting (Cowie and Roberts, 2001) (see
Fig. 1c).

6.4. Interpretation

Our results suggest that individual faults are working to-
gether to produce cumulative throw and throw-rate profiles
that resemble that expected for a single fault (Fig. 9). This
clearly demonstrates that even though the faults are not phys-
ically linked by slip surfaces, these crustal-scale faults interact
(Fig. 1d), and form a 175 km long soft-linked fault array.

However, the key question for this paper remains: when did
the faults begin to interact and exhibit higher throw rates on
central faults? The central Apennines began to show increased
throw rates on central faults and overall profile readjustment
late in the finite fault growth history (c. 75% of the elapsed
time; Fig. 1g). This was recognised because the Fucino fault
at the centre of the central Apennines fault array is slipping
at 2 mm/yr averaged over 18 kyrs, but has only accumulated
2 km of throw, even though Upper Pliocene hangingwall stra-
tigraphy that could be as old as 3.4 Ma, thickens into the fault
(Cavinato et al., 2002). Also, if total throws are divided by
throw rates, central faults appear to exhibit younger ages
(Fig. 13a); this is not the case, however, as this is due to the
fact that throw rates on central faults have increased relative
to distal faults (compare with Fig. 1b). In the next section
we carry out similar calculations for the southern Apennines
to assess if throw rates varied through the faulting history.
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7. Longevity of fault throw rates

We divide the throw maxima by the throw-rate maxima for
each fault in the southern Apennines to see if throw rates since
18 ka are large compared to total throws for central faults
compared to distal faults (Fig. 13b). In contrast to the central
Apennines (Fig. 13a), data for the southern Apennines show
that the above ratio shows little or no correlation with distance
along the fault array (Fig. 13b). This implies that post 18 ka
throw rates on central faults, although higher than those on
distal faults (Fig. 11c), can explain the total throws, and are
thus not inconsistent with stratigraphic data which imply initi-
ation of extension at 1.8e3.0 Ma. Again in contrast to the cen-
tral Apennines, if post 18 ka throw rates are allowed to run for
3.0 Ma, they produce throws that are comparable with those
measured (compare Figs. 1e and 13c). Thus, for individual
faults, throw-backstripping using post 18 ka throw rates im-
plies fault initiation ages that lie within the range of uncer-
tainty provided by stratigraphic data (1.8e3.0 Ma; Fig. 13d).
These findings indicate that, within the resolution of our
data, throw rates appear to have been constant from the time
when faulting started in the southern Apennines. This is
consistent with the findings of Nicol et al. (1997), Walsh
et al. (2001, 2002), and Meyer et al. (2002), but different to
results from the central Apennines and other faults systems
(see Section 1).

8. Throw rates and throwelength relationships

Finally, we assess whether it is sensible to extrapolate
throw rates averaged over 18 kyrs over the entire history
of faulting. As throw rates must eventually produce total
throws that conform to scaling relationships between throw
and length, we use the method of Cowie and Roberts
(2001) to see if this is true of the post 18 ka throw rates
we have measured. We calculate throw-rate enhancement
factors using the method presented by Cowie and Roberts
(2001) (Table 2). This calculation predicts the throw rates
that are need to eventually produce a throw/length ratio for
the overall array that is the same as that for the distal faults
in the array at the instant when fault interaction develops.
The spatial variation in enhancement factors (E ) for throw
rates on faults in an interacting array which has a triangular
throw profile can be calculated using the relationship 2Ri/Li,
where Li is the length of the i-th fault and Ri is the distance
between the fault midpoint and the nearest tip of the overall
array (Cowie and Roberts, 2001). Values from Table 1 were
input into this equation to perform the calculation (Table 2).
Fig. 14 shows that the predicted throw rates fall very close
to, or within error of our measurements, lending confidence
to our measurements of throw-rate. This confirms that the
spatial variation in throw rates can produce a throw/length
ratio for the overall array that is the same as that for the
distal faults; the post 18 ka throw rates are likely to be
representative of longer term throw rates, consistent with
Section 7.
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Fig. 11. Plots showing how throw/length ratios (a), maximum throws (b), and maximum throw rates (c) for individual faults vary along the strike of the overall fault

system.
9. Discussion

We have presented evidence that the growth histories of
two fault systems from the central and southern Apennines
are very different. Throw rates increased by a factor of 6
late in the faulting history in the central Apennines, whereas
we cannot resolve any temporal changes in throw rate in the
southern Apennines. The two areas share the same tectonic
boundary conditions and lithospheric structure, so that it is dif-
ficult to argue that they have experienced different loading his-
tories and hence throw-rate histories.

The main differences between the two areas appear to be
the higher heat-flow in the southern Apennines, and the geo-
metric history of the fault systems. It is clear that extension
in the central Apennines was associated with death of large ba-
sin-bounding faults in the Mid-Pleistocene synchronous with
an increase in throw rates on faults that remained active (Sec-
tion 1). If regional strain rates were constant, fault death may
have caused an increase in throw-rate on faults that remained
active (Roberts et al., 2002). As death of large basin-bounding
faults is not evident in the southern Apennines, this may ex-
plain why we cannot resolve any increases in throw-rate.
The initially localised geometry of the southern Apennines
may have been due to the higher heat-flow, causing earlier on-
set of thermal/rheological perturbations and localised flow at
depth (Cowie et al., 2005), but this needs further work.

However, we must add a cautionary note to our conclusion
that throw rates in the southern Apennines appear to have re-
mained constant through time. We are aware of how poorly the
early history of faulting is resolved, as uncertainty on the ini-
tiation age for faulting (1.8e3.0 Ma) is at least 40% of the to-
tal duration of faulting. Also, we note that death of faults with
offsets of less than a few hundred metres would not be re-
solved by existing mapping. An increase in throw rates could
have occurred early in the faulting history, at a time when off-
sets across faults that ceased in activity were relatively small;
this deformation would be difficult to resolve stratigraphically.
Thus, the possibility exists that slip rates may have increased
in the first few percent of the faulting history.

This uncertainty is not trivial because recognition of whether
fault slip rates can indeed be constant from fault initiation is
crucial to understanding what processes drive spatial variations
in slip rates. We note that observations prove that faults located
centrally within a fault systems slip more rapidly than distal
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Table 2

Predicted and measured throwerates

Fault Li 2Ri 2Ri/Li Norm. I.V. 50% <Overlap and

Spacing<15 km

M.F. Predicted value

(mm/yr)

Measured value

(mm/yr)

Volturara 30 30 1.00 0.27 0.22 None 1.0 0.22 0.30

Irpinia 31 65 2.10 0.56 0.47 None 1.0 0.47 0.54

San Gregorio 20 100 5.00 1.34 1.12 Alburni

(13 km spacing)

0.5 0.56 0.59

Alburni 25 117 4.68 1.25 1.04 San Gregorio

(13 km spacing)

0.5 0.52 0.39

Vallo di Diano 45 161 3.58 0.96 0.80 None 1.0 0.80 0.54

Val D’Agri 41 153 3.73 1.00 0.83 None 1.0 0.83 0.83

Maratea 38 88 2.32 0.62 0.52 None 1.0 0.52 0.43

Monte Alpi 33 104 3.15 0.84 0.70 None 1.0 0.70 0.55

Mercure 32 66 2.06 0.55 0.46 None 1.0 0.46 0.37

Pollino 32 32 1.00 0.27 0.22 None 1.0 0.22 0.30

Li, the length of the fault; Ri, the distance from the fault midpoint to the nearest end of the fault array; Norm, normalised value, I.V., initial value prior to con-

sideration of across strike interaction; M.F., modification factor (if a fault does not overlap more than 50% with a neighbouring fault and located more than 15 km

away from the nearest fault the factor is 1.0, if 2 faults are within 15 km across strike and overlap by 50% then the factor is 0.5). Measured values represent throw-

rates extracted from scarp profiles and published trench site data.
faults (Cowie and Roberts, 2001). Such patterns develop even
where there is no gradient in far-field tectonic strain (Cowie,
1998), so there is no need to appeal to this for an explanation
of this phenomenon. The driving mechanism has been argued
to be Coulomb stress transfer during earthquakes, which drive
faults located centrally within fault systems to slip more rapidly
than distal faults, because they are at the centre of symmetry of
multi-seismic-cycle stress transfer (Cowie and Roberts, 2001;
Fig. 1). If this is correct, there must be a critical fault length/
spacing relationship that evolves during fault growth. Early in
the faulting history (Stage 1, Fig. 1b), faults may be too small,
and too widely spaced for earthquakes to trigger slip on neigh-
bouring faults. Thus, there is no reason why central faults
should slip fastest given spatially uniform extension rate bound-
ary conditions. As changes in the Coulomb failure function dur-
ing normal faulting earthquakes extend for distances of several
fault lengths away from the ruptured fault (Hodgkinson et al.,
1996; Caskey and Wesnousky, 1997), the critical fault
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Fig. 14. Bar chart showing measured throw-rate maxima for individual faults

in the southern Apennines alongside those predicted by the relationship

E ¼ 2Ri/Li explained in Section 8. The measured and predicted rates compare

well suggesting the former are sensible values given knowledge of the compar-

ative lengths of L1 and L2 faults.
length/spacing will reflect this length scale. As faults grow
across this threshold and begin to interact (Stage 2, Fig. 1b),
central faults will accelerate. Thus, if Coulomb stress transfer
does drive spatial slip-rate variations, then it is inevitable that
slip rates will not be constant through time (Fig. 1). The critical
question is therefore not whether slip rates can increase or re-
main constant during fault growth, but how fast faults make
the transition from being too small to interact with their neigh-
bours, to achieving the critical size where an earthquake on
a fault can influence the Coulomb stress on a neighbour and
cause fault interaction. Several studies have suggested that
faults achieve their final lengths very rapidly, within a few per-
cent of their total displacement history (Walsh et al., 2002;
Nicol et al., 2005); this may explain why one cannot resolve
very early throw-rate changes in southern Italy and elsewhere.
Also, if fault systems have initial geometries where faults are
distributed across strike, negative Coulomb-stress-driven feed-
back may inhibit rapid localisation, perhaps explaining why
central Italy showed interaction-driven throw-rate acceleration
late in its faulting history. With the inherent difficulties in re-
solving early syn-rift stratigraphy and timing for all fault sys-
tems, it may be that we have to turn to geomorphic indicators
on immature fault systems or numerical models to study the
early history of fault growth, and assess the controls on spatial
variations in slip rate.

10. Conclusions

We studied a localised, 175 km-long soft-linked normal fault
system within the southern Apennines, accommodating exten-
sion towards 230.6� � 3.9�. A profile of summed extension
rate averaged since 18 ka shows a maxima of 1.1 � 0.25 mm/
yr, assuming 45� fault dips, decreasing to zero at the ends of
the fault system; a profile of summed extension across the
same faults shows a maxima of 3100 � 700 m. Extension is at
right-angles to the NW-SE striking fault system, indicating
almost pure dipeslip motions. Oblique extension occurs
locally near fault tips produced by strains associated with the
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throw-gradients on the faults. Central faults have higher throws,
and throw rates (2100 � 500 m; 0.83 � 0.15 mm/yr) than distal
faults (800 � 300 m; 0.3 � 0.1 mm/yr), with values changing
systematically along the strike of the fault system. When
summed throw rates are allowed to run for 2.5e3.0 Myrs, the
predicted throws are comparable to the measured values, sug-
gesting that throw rates have been constant within the resolution
of the data.

These characteristics are similar to those for the central
Apennines (Roberts and Michetti, 2004), except that for latter,
faulting is distributed across strike, and throw rates have in-
creased by a factor of 6 late in the faulting history (75%
elapsed time), at a time when other faults across strike became
inactive in the mid-Pleistocene (Roberts et al., 2002). The
areas share the same tectonic boundary conditions and litho-
spheric structure so this cannot explain the differences. We
suggest that fault interaction is responsible for the differences.

If fault interaction is driven by Coulomb stress changes,
where rupture of one fault brings its along strike neighbours
closer to failure and across strike neighbours away from failure,
it is inevitable that early in the history of faulting, when faults are
too small to interact in this way, central faults will not necessar-
ily be driven to fail more often than distal faults. Thus, when
faults grow to a size that allows interaction, slip rates on central
faults will increase relative to the distal faults, eventually pro-
ducing profiles of total throw that adhere to global scaling rela-
tionships between throw and length. If rheological constraints
cause fault systems to localise early in their histories, it will
be difficult to resolve slip-rate changes using syn-rift stratigra-
phy unless temporal resolution is of order of a few percent of
the total elapsed time of faulting. This uncertainty is important,
because slip-rate histories on normal fault systems are a funda-
mental constraint on the mechanics of continental extension be-
cause they provide a timescale for such processes.
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