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Abstract (250 words)

Constraining how active faults link together in the sub-surface and understanding how fault
geometry and structural maturity affect earthquake propagation are key tools for
understanding earthquake behaviour and seismic hazard. We use the Roccapreturo fault
system, from the Central Apennines, Italy, which has three closely spaced normal faults
mapped at the surface as a case study to explore these questions. Here we present a high-
spatial-resolution database of structural (strike/dip) and kinematic (trend/plunge of slip
vectors) measurements, as well as Holocene and geological throw measurements. We find
that the fault geometry is highly variable, with strike ranging from 072° — 183°, dip varying
from 42 —82°, and the fault trace is variably segmented along-strike. Steeper fault dips occur
within a relay zone between two strands. We interpret this observation as supporting
evidence that these fault strands are connected in the sub-surface. Twelve Holocene throw

profiles and seven geological cross-sections were collected, the maximum Holocene throw is
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8.75 £ 1.75 m (giving a Holocene-averaged throw rate of 0.58 + 0.16 mm/yr) and the
maximum geological throw is 610 m (giving a T/L ratio of 0.055). Strain rate calculations,
using the high-resolution structural, kinematic and Holocene throw data, show a smooth
variation in the strain rate of the fault, despite complex surface geometry, implying that the
fault geometry and slip are coupled. Our results demonstrate the value of high-resolution
fault mapping where possible, to discern the maturity, sub-surface linkage and therefore

potential earthquake rupture dynamics of active faults.
Introduction

When considering earthquake occurrence, fault interaction and resulting seismic hazard, it is
important to characterize the geometry of active faults and fault systems (i.e. segmentation,
changes in strike and/or dip), including how the geometry of the fault(s) change with depth.
This is because these factors affect the estimation of maximum earthquake magnitude and
coseismic slip when scaling laws are used (Manighetti et al., 2007; Stirling et al., 2013;
Thingbaijam et al., 2017; Wells & Coppersmith, 1994). Commonly, faults grow by tip growth
and linkage to adjacent pre-existing faults, generating relay zones and fault bends in the
process (Cartwright et al., 1995; Mansfield & Cartwright, 2001; McLeod et al., 2000) (Figure
1b). There are times during the process of fault linkage when the 3D structure of a fault is
complex, for example when a single fault at depth may appear as two (or more) separate
faults at the surface (e.g. Figure 1b, Time 5) (Giba et al., 2012; Roche et al., 2021; Walsh et
al., 2003). This highlights the importance of being able to characterise both the surface and

sub-surface geometry of active faults.

Knowing whether presently active faults connect or not in the sub-surface is important for
understanding and quantifying seismic hazard, yet this may be challenging to constrain.
Understanding fault connectivity at depth is important because fault scaling laws are
commonly used to calculate the expected earthquake magnitude and maximum coseismic
slip for seismic hazard assessment from the fault length (Manighetti et al., 2007; Stirling et
al., 2013; Thingbaijam et al., 2017; Wells & Coppersmith, 1994). Fault bends and fault
segmentation may control the extent and propagation of earthquake ruptures (e.g., DePolo
et al., 1991; King & Nabelek, 1985; Mildon et al., 2019; Pizzi et al., 2017). Furthermore, it has
been suggested that the structural maturity of a fault may control the dynamics of

earthquakes (Perrin et al., 2016). Structural maturity is challenging to define quantitatively
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(see (Manighetti et al., 2021) and references therein), but overall as a fault becomes more
mature by accumulating slip, the stress drop of large earthquakes is hypothesised to be
lower (Choy & Kirby, 2004; Hecker et al., 2010; Manighetti et al., 2007). Additionally, if faults
are more immature, then studies suggest that there will be more stress heterogeneities
(Hayek et al., 2024), more distributed damage (Thakur & Huang, 2021), more aftershocks
(Guo et al., 2023), irregular recurrence intervals (Thakur & Huang, 2021) and less efficient
rupture propagation of earthquakes (Andrews et al., 2026; Guo et al., 2023). Therefore,
understanding the connectivity and structural maturity of faults is useful to understand
potential earthquake behaviour, especially if the fault of interest has not ruptured in

historical or instrumental times.

Where it is not possible to measure fault connectivity directly, e.g. by using 3D seismic
reflection data, it is often possible to infer linkage using surface observations. Normal faults
can be hypothesised to connect in the sub-surface based on the occurrence of convergent
slip vectors (Faure Walker et al., 2010; Roberts, 2007; Roberts & Michetti, 2004).
Geomorphology can be used to speculate on sub-surface fault connectivity, if there is a
continuous footwall-uplifted mountain range and/or a continuous down-throw hangingwall

basin, this would imply that there is a continuous fault controlling the uplift/subsidence.

Another approach to elucidate fault connections in the sub-surface is to utilise the so-called
geometry-dependent throw-rate model (Faure Walker et al., 2009, 2015, 2019) (Figure 1c).
This model theorises that, to maintain the strain rate across a fault when there is a change in
strike in the fault trace, the dip and throw of the fault must co-vary. In particular, the model
predicts that when there is an along-strike bend in the fault, the fault should steepen (i.e.
the dip increases) and the throw should also increase. This model has been demonstrated to
hold for both coseismic (lezzi et al., 2018; Mildon et al., 2016) and Holocene (Faure Walker
et al., 2009; Sgambato et al., 2020; Wilkinson et al., 2015) throw on normal faults in the
Apennines. However, none of these studies have explored whether this model applies to
linkage zones where fault bends may exist at depth but not yet propagated to the surface. To
use the geometry-dependent throw-rate model to infer sub-surface fault linkage, high
resolution geological mapping of surface fault scarps is essential to constrain the location,

geometry and slip rate of faults. We propose that this field data can be used to identify areas
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of a fault or fault system with higher-than-expected dips and throws, which may indicate

that faults are connected in the sub-surface.

The ~10 km long Roccapreturo fault system is located in the extensional region of the
Central Apennines, Italy. There is a well-preserved bedrock scarp along much of the fault
trace, making this an ideal case study to a) gather high resolution structural data and b) use
this to speculate on sub-surface connectivity and rupture dynamics of an en-echelon fault
system Previous studies have suggested that the Roccapreturo fault strands link in the sub-
surface to form a single structure (lezzi et al., 2025; Roberts et al., 2025), including the
“Main Fault” level in the Fault2SHA database (Figure 1a) (Faure Walker et al., 2021). This
suggestion is based on the proximity of the faults which are separated by 0.5 — 1.5 km at the
surface and the presence of convergent slip vectors along the length of the fault. Additional
constraints on the sub-surface geometry would strengthen this hypothesis. However, there
are open questions about how the splays interact together and how the maturity of the fault
may affect earthquake behaviour. This study presents a high spatial resolution structural
database of the geometry, kinematics and throw (both Holocene and geological) along this
fault system, and we used this data to calculate the along-strike strain distribution. Our work
allows us to verify whether these fault strands are connected at depth, and to elucidate the
variations in geometry and strain rate along the fault system. The sub-surface connectivity
and complex surface fault trace may have implications for the magnitude, occurrence and

propagation of future earthquakes across this fault system.

Geological background

The Central Italian Apennines are a region of active NE-SW extension, accommodated by a
series of predominantly NW-SE striking normal faults (Figure 1a). The region is extending at
a rate of 2.7 £ 0.2 mm/yr based on GNSS data (D’Agostino et al., 2011), which agrees with
the Holocene extension rate of 3.1 + 0.7 mm/yr from measuring bedrock fault scarps across
the region (Faure Walker et al., 2010). Extension began ~2-3 Ma and was preceded by a
phase of compression from the Miocene to early Pliocene due to subduction that has since
undergone roll back to the north-east (Anderson & Jackson, 1987; Carminati et al., 2012;

Cavinato & De Celles, 1999; Piccardi et al., 1999). Carbonate bedrock fault scarps are well
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exposed throughout the region, these scarps have formed since the demise of the Last
Glacial Maximum when erosion rates reduced, hillsides stabilised and offsets generated by
earthquakes could be preserved and accumulated (Piccardi et al., 1999; Roberts & Michetti,
2004; Tucker et al., 2011). The age of the end of the Last Glacial Maximum is taken to be 15
+ 3 kyrs, based on cosmogenic dating of hillsides (Cowie et al., 2017), changes in pollen from

lake cores (Allen et al., 1999) and dating glacial features (Giraudi & Frezzotti, 1997).

The Roccapreturo fault system forms part of the Middle Aterno Valley fault system (Faure
Walker et al., 2021; Galadini & Galli, 2000), as defined at the “Main Fault” level in the
Fault2SHA database. The Fault2SHA database is compilation of published field data for active
faults in the Central Apennines, including fault locations, geometry, slip rates, and activity
levels, and it aims to be a conceptual framework to gather and present fault data used for
seismic hazard assessment (Faure Walker et al., 2021). The database has three levels,
“Traces”, “Faults” and “Main faults”. “Traces” are the primary level of data and are defined
by constant location certainty (i.e. how well constrained is the fault trace) and activity scale
(i.e. level of certainty that the fault was active in the Holocene or Pleistocene) along the
length of the trace. “Faults” are how Traces are connected together at the surface and/or at
depth, and are based on the continuity of fault geometry, Holocene/geological offsets or
known earthquake ruptures. “Main Faults” represent how Faults are interpreted to be linked
at depth and is the recommended level for seismic hazard models. Following the Fault2SHA
database at the “Fault” level (Faure Walker et al., 2021), three strands to the Roccapreturo
fault system are identified — the Roccapreturo, Middle Aterno Valley West and Succiano
faults (Figure 2a). The three strands are closely spaced together, with a separation of 0.5 —
1.5 km between the strands, and the along-strike overlap between the strands is ~3.5 km.
Note that the Fontecchio fault also forms the Middle Aterno Valley Main Fault, but we omit
this from our study because 1) the Fontecchio fault is poorly exposed in the field, and 2) we
focus on the three overlapping fault splays to explore their interaction and linkage. At the
“Trace” level in the database, the three faults are made up of several traces: the Middle
Aterno Valley West Fault comprises the Santa Maria Del Ponte West, Tione Degli Abruzzi
West and Tione Degli Abruzzi East Traces, the Succiano Fault comprises the Succiano San
Lorenzo and Beffi Traces, the Roccapreturo Fault comprises the Roccapreturo North West,

Roccapreturo Acciano and Acciano Traces (Figure 2a).
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The presence of a well-developed bedrock fault scarp, particularly along the Roccapreturo
segment, indicates that this fault has been active during the Holocene (Figure 3). The fault
scarps associated with the Middle Aterno Valley West and Succiano Faults are less
continuous, but the oversteepening associated with a fault scarp and geomorphology are
broadly continuous along these faults, also suggesting that these faults have been active
during the Holocene. Paleoseismic and cosmogenic studies have been conducted along the
Roccapreturo Fault to determine the recent slip history. A paleoseismic study (Falcucci et al.,
2015) found two surface-faulting earthquakes in the last 5,000 years, with the most recent
occurring between 1,879-2,009 BP and 3,787—6,055 BP. Accumulation of cosmogenic
nuclides up the fault scarp have been used to investigate the slip history of the fault over the
Holocene (Roberts et al., 2025), which suggests a rapid slip rate (i.e. earthquake clustering)
over the last 1.5 kyrs. However, there are no historically recorded earthquakes associated
with this fault (i.e. >700 years since the most recent event, (Galadini & Galli, 2000;
Guidoboni et al., 2019)), therefore the elapsed time on this fault is at least 700 years. The
nearest large recent earthquake was the Mw 6.3 2009 LAquila earthquake (Alessio et al.,
2010; Walters et al., 2009), which ruptured the Paganica San Demetrio Ne Vestini fault, and
occurred ~15 km to the north-west (Figure 1a). The Roccapreturo fault system is the nearest
fault along-strike from the Paganica San Demetrio Ne Vestini fault, and therefore it
experienced an increase in Coulomb stress of up to 0.6 bars due to the 2009 LAquila
earthquake (Mildon et al., 2019). Another study reports a mean Coulomb stress transfer of
0.27 bar (maximum 1.89 bar) for the Middle Aterno Valley fault, which was used to calculate
that the probability of an earthquake occurring in the next 50 years on this fault had

increased by 0.5-1.5% (Pace et al., 2014).

Estimates of slip rate on the Roccapreturo fault vary depending on the primary data,
measurement location and the time span the slip rate is measured over. The maximum
Holocene-averaged slip rate of the fault is reported to be 0.873-32 mm/yr (using topographic
profiles (Faure Walker et al., 2021)). Cosmogenic studies show that the slip rate has been
variable over the Holocene, with a period of quiescence/low slip rate from ~12 — 1.5 ka,
followed by elevated slip rates of 5 mm/yr from 1.5 ka — present (based on the least squares

solution, for further details see (Roberts et al., 2025)). Over longer (200 kyr) time scale, the

slip rate is reported to be 0.4 + 0.3mm/yr (using 3°Cl on triangular facets (Tesson et al.,
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2021)). Over a 1 Myr time scale, the minimum slip rate is determined to be 0.23 - 0.34

mm/yr (based on the offset of dated breccias (Falcucci et al., 2015)).

Methods

We undertook detailed mapping along the Roccapreturo fault system to gather structural
(strike and dip) and kinematic (trend and plunge) measurements from the bedrock fault
scarp, which is well exposed along most of the length of the fault system (Figure 3). The
morphology of the bedrock fault scarp and the geomorphology close to the fault scarp were
also mapped. Localities were recorded using a handheld Garmin GPS, with an approximate
location accuracy of £5 m. Strike and dip was collected at all localities and averaged using
Stereonet (Allmendinger et al., 2012) where multiple measurements were taken. Kinematic
(trend and plunge) measurements were taken from frictional wear striae on the bedrock
scarp where available, and/or calculated from strike and dip measurements measured
around corrugations on the fault scarp. Some structural data has previously been published
(Faure Walker et al., 2021; Mildon, 2017; Mildon et al., 2019), but we have gathered

additional data that is previously unpublished as part of this study.

We collected nine topographic profiles across the bedrock fault scarp at locations with
favourable geomorphology to calculate the Holocene throw and thus throw and slip rates,
given the evidence that the hillsides stabilised at the Last Glacial Maximum (LGM, 15 + 3kyrs
(Cowie et al., 2017; Giraudi & Frezzotti, 1997)). The locations of topographic profiles were
carefully selected in the field to avoid any areas of post-LGM sedimentation or erosion, for
example gullies or alluvial fans, and were taken wherever the geomorphology and access
(e.g. limited vegetation) were suitable. Topographic profiles were taken using two methods.
Firstly, profiles were created using a 1 m ruler and a clinometer to measure the inclination of
the slope, using chain-surveying techniques to cover the upper (footwall) slope, the fault
scarp (both degraded and well preserved) and the lower (hanging wall) scarp. Secondly, a
hand-held Trupulse and a target was used to collect vertical and horizontal positions along a
transect across the fault scarp. For both methods, the local slip vector was used to orient the
profile. Geomorphic features along the profile were noted, including the upper slope, the

degraded fault scarp, the fault plane, the colluvial wedge (if present), and the lower slope.
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The resulting profiles from both methods are then interpreted to find the line of the upper
and lower slopes (using the geomorphic features recorded while surveying), and the dip of
the fault plane is taken from field measurements. These interpretations give the Holocene
throw values which are reported herein. We integrate our measurements with three
Holocene throw values that have already been published (Faure Walker et al., 2019; Mildon

et al.,, 2019).

We have constructed seven geological cross-sections approximately perpendicular to the
strike of the Roccapreturo fault system, based on published geological maps (Servizio
Geologico d’Italia, 2009b, 2009c¢, 2009a, 2009d). We use these cross-sections to determine

the geological throw across the three strands of the Roccapreturo fault system.

To understand how strain is being accommodated by the multiple strands of the
Roccapreturo fault system, we calculate the strain rate for a series of transects with variable
widths, using field measurements (fault plane dip, slip vector trend and plunge), strike from
simplified fault geometries generated by the chosen transect widths, and Holocene throw.
We use the method developed by (Faure Walker et al., 2009, 2010, 2012), which is an
adaption of (Kostrov, 1974) equations. The maximum horizontal strain-rate component of

the strain rate tensor is calculated using Equation 1 (Faure Walker et al., 2010):

K

. 1
& = ﬂz {L"T"cotp"

k=1

sin(¢p* — d%)

K_ L¥T*cotp*cos(¢p* + d*
+ sin| ¢k + &% + arctan Z';{_l P : (& )
Yr=q LTk cotpksin(pk + dF)

}

Where &,,4, is the maximum horizontal component of the average strain tensor, ® = strike, ¢
= slip direction, p = plunge, T = throw, L = length of the fault, a = surface area of the region
concerned, t = time during which the total slip from all the earthquakes occurred on a given
fault, k = measurements for each section of the fault within the surface area. We use a range
of different transect widths, 0.5, 1 and 2 km, to explore how the calculated strain varies
depending on the resolution of the calculations, and to study how strain varies along a well-

mapped relay zone.
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Results

The Roccapreturo fault trace is well constrained along most of its 8 km length by the
presence of a bedrock fault scarp (Figure 3), facilitating the collection of high resolution
structural data was collected and is plotted in Figure 4. The scarp morphology and
geomorphology was mapped and is shown as a series of maps in Figure 5 and
Supplementary Figures 1 — 9, the exception is a section at the north-western end where the
fault exposure was more sporadic and therefore it could not be mapped to the same
resolution as the rest of the fault. The Middle Aterno Valley West and Succiano Faults are
less well-exposed in the field, and thus there is less structural data associated with them and

no mapping was undertaken.

The structural maps of the Roccapreturo fault (Figure 5, Supplementary Figures 1 —9) show
the complexity of the fault trace when mapped at 10s m resolution. The maps show the
degree of preservation of the bedrock fault scarp and the extent of the well-preserved free
face. The local geomorphology, including gullies, alluvial cones, drainage channels, as well as
well-preserved Last Glacial Maximum surfaces in limestone (i.e. upper slope/footwall) and
colluvium (i.e. lower slope/hangingwall) are recorded on the maps. These maps
demonstrate that there are a number of small steps in the fault trace (Figure 5,

Supplementary Figure 3, 6, 7 & 9)

The orientation and slip vector of the Roccapreturo fault system shows wide variation in the
strike, dip and slip vector trend (Figure 4a-c, Supplementary Data 10). Along the whole fault
system, the strike of the bedrock fault scarp varies from 072° — 183°. There is wide scatter in
the graph which shows that much of the variation in strike occur over length scales of 100s
of metres, rather than indicating the presence of kilometer-scale fault bend(s) (Figure 4b).
The dip of the faults is also variable, from 42° — 82° °, with similar levels of short-length scale
scatter observed in dip to that seen in strike (Figure 4c). The slip vectors show a broad
pattern of convergence towards the centre of the fault (Figure 4a), similar to other examples
of normal faulting from central Italy (Faure Walker et al., 2009; Roberts, 2007; Roberts &
Michetti, 2004; Wilkinson et al., 2015).

Within the relay zone between the Roccapreturo and Succiano fault strands, the strike of

both faults are within the same range (approximately 110° — 160°) and the slip vectors are
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approximately parallel on both faults (Figure 4a). There are some systematic larger-scale
variations in fault geometry observed, particularly in the dip of the faults. East of the relay
zone where the Roccapreturo fault is isolated across-strike (i.e. no other fault strands across-
strike, from 5 — 10 km, Figure 4), the average dip of the fault is lower (56.4 £ 0.4°) than in the
relay zone, with average dips of 65.7 £ 0.7°, 75.2 £ 1.9° and 59.1 + 0.1° for the Roccapreturo,
Succiano and Middle Aterno Valley West faults respectively (Figure 4c). Where the Middle
Aterno fault is isolated across-strike (from 0 — 2 km, Figure 4), the average dip is lower (52.9
+0.4°) than in relay zone. Overall, the fault system has a lower dip when there is a single

across-strike fault, and the dip is steeper where the fault strands overlap.

In total, twelve Holocene throw profiles have been gathered along these faults (Figure 2b,
4d, (Faure Walker et al., 2019; Mildon et al., 2019)). Each strand of the Roccapreturo fault
system has at least one Holocene throw measurement. The Holocene throw has been
estimated by eye in the field at two other locations, for these, the assigned error is £50% of
the throw. The maximum Holocene throw recorded along the fault is 8.75 + 1.75 m, which
corresponds to a Holocene throw rate of 0.58 + 0.16 mm/yr (Figure 4d). The cumulative
Holocene throw profile for the fault system does not show a single clear peak in the middle
of the fault which may be expected assuming a triangular or bell-shaped throw profile
(Cowie & Scholz, 1992; Manighetti et al., 2004; Manzocchi et al., 2006; Nicol et al., 2005;

Roberts, 2007). Minima are observed at the transfer zones between the different faults.

Seven geological cross-sections were constructed across the Roccapreturo fault system, with
a minimum of two cross-sections on each of the three fault traces (Supplementary Figure
11) to measure the geological throw. The cumulative geological throw profile for the fault
system shows a more typical throw profile expected for a normal fault (Figure 4e). The

maximum cumulative geological throw across the Roccapreturo fault system is 610 m.
Strain rate calculations

For the purposes of the strain rate calculations, we choose to omit the Santa Maria Del
Ponte West trace from the Middle Aterno Valley West fault, because 1) this trace has the
lowest activity and location scale of all the traces in the Roccapreturo fault system (Figure
2a), which means it is poorly constrained, and 2) there are Plio-Pleistocene deposits in both

the footwall and hangingwall of the Santa Maria Del Ponte West trace, implying limited
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geological offset (Supplementary Figure 11), supported by the geological throw profile
(Figure 4e), 3) it creates a sharp bend with the Middle Aterno Valley West trace of ~140°
which may be unrealistic, and 4) we do not have any structural or throw data along this

trace.

Given the high resolution of structural and throw rate data gathered along the Roccapreturo
fault system, and in particular the Roccapreturo fault, we can calculate the strain rate across
the fault system for a range of scales. We present the strain rate calculated for three
different transect widths, 500 m, 1 km and 2 km (Figure 6). All three transects show a similar
pattern of strain rate along the length of the fault (Figure 6a), with the maximum strain rate
located approximately 9 km along strike, skewed towards the south-eastern tip of the fault.
Interestingly, the strain rate profile is smoother than the Holocene throw rate profile for the
three faults (Figure 4d), implying that the geometry and the throw are co-varying to create a

smooth strain rate profile.

Based on the distribution and resolution of the throw rate data gathered, our preferred
transect width is 1 km as then almost all transects have at least one measurement of
Holocene throw, therefore for this transect width, we also show the orientation of the
maximum horizontal strain rate (Figure 6b). The orientation shows a broad pattern of

convergence, following the convergence in the slip vector (Figure 4a).
Discussion
Proposed changes of fault traces

Based on our field data gathered, we would propose the following changes to the Fault2SHA
database, and other Italian fault databases, e.g. the ITHACA database. 1) Adjust the trace of
the Beffi trace to match the localities gathered (Supplementary Figure 12), 2) Increase the
location scale to level 1 and the activity scale to level 2 for the Beffi trace because a bedrock
fault scarp has been ground truthed along the trace and a Holocene throw profile has been
collected (Supplementary Figure 12), 3) The section of the Roccapreturo North West trace
with additional field data should be changed to a location scale of 1 because a bedrock fault
scarp has been ground truthed along the trace and activity scale of 1 (dated displacement
during the Late Pleistocene/Holocene) or the Roccapreturo Acciano trace should be

extended to the north-west. Furthermore, the shape of the geological throw profile (Figure
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4e) shows a typical bell- or triangular shape expected for normal faults, implying that the
three strands as we map them (i.e. removing the Santa Maria del Ponte trace, and
shortening the Middle Aterno Valley West fault) are a) behaving as a single main fault and b)
include the tips of the fault. Therefore, based on the shape of the geological throw profile,
we would suggest that the Middle Aterno Valley Main Fault is split in two in the Fault2SHA

database.

Structural maturity and sub-surface connectivity of the Roccapreturo fault zone

The geometry (strike and dip) of the Roccapreturo fault system is highly variable at short
(~100s m) length scales. Previous studies have suggested that the level of corrugation (i.e.
variations in the fault strike) and segmentation decreases as a fault becomes more mature
(e.g. Brodsky et al., 2011; Manighetti et al., 2021; Sagy et al., 2007). Manighetti et al. (2021)
suggest that the standard deviation of fault strike (which they call “fault gradient”) is high for
immature faults, with the smallest window length giving standard deviations of 14 — 24° for
the immature faults studied. In our study, the standard deviation of locality-averaged strike
measurements for the Roccapreturo fault system is 18°. Although direct comparison of our
results to those of (Manighetti et al., 2021) is not possible, because their results are
calculated for faults longer than 40 km (i.e. far longer than the Roccapreturo fault system)
and because they calculate the standard deviation of strike from the fault trace, the
similarity of the results let us suggest that the Roccapreturo fault system should be
considered as an immature fault. Furthermore, there are several small (< 100 m) relay zones
along the mapped fault trace (Figure 5, Supplementary Figure 3, 6, 7, 8), as well as the relay
zone formed by the Middle Aterno Valley West, Succiano and Roccapreturo faults,
demonstrating segmentation at a range of scales and thus also indicating low structural

maturity of the fault.

The geometry-dependent throw rate model developed in the Central Apennines (Faure
Walker et al., 2019) implies that there will be a greater throw and steeper dip within a fault
bend in order to maintain the strain rate across the faults. Our observations from the
Roccapreturo fault system show that there are steeper dips where there is overlap between

the three different faults (~3 — 5 km distance, Figure 4c), and that there is the cumulative
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Holocene throw maximum within this section of the fault (Figure 4d). Importantly, the slip
vector across the relay zone (i.e. incipient bend) is consistent, which is required for the
geometry-dependent throw rate model to be applicable. From this, we interpret that, where
the faults overlap at the surface, in the sub-surface the faults are connected, forming a fault
bend with steeper dip than the isolated sections of the fault (Figure 8). This is supported by
the convergence of slip vectors along the length of the fault, which has previously been
recognised to be an indication that separate surface faults are connected in the sub-surface

(Faure Walker et al., 2009; Roberts, 2007; Roberts & Michetti, 2004; Wilkinson et al., 2015).

The shape of the geological throw profile (Figure 4e) shows the expected triangular to bell
shape expected for normal faults (Cowie & Scholz, 1992; Manighetti et al., 2004; Manzocchi
et al., 2006; Nicol et al., 2005; Roberts, 2007), with a maxima in approximately the middle of
the fault that tapers towards zero at the tips. This implies that the three fault strands are
kinematically linked and may be hard-linked together at depth. The maximum throw on the
Roccapreturo fault system is 610 m. To compare this value with other faults in the region, we
have compiled geological throw data from other normal faults in the Central Apennines from
other published sources (Boncio et al., 2004; lezzi et al., 2019; Roberts & Michetti, 2004;
Schirripa Spagnolo et al., 2021; Testa et al., 2019). Note that we only include values in this
compilation if the geological throw is well located along a fault, i.e. with a geological cross-
section. We plot the geological throw versus the length for both the “Faults” and “Main
Faults” categories as defined by the Fault2SHA database (Faure Walker et al., 2021), where
more detailed local studies exist, we use their fault lengths. For both categories, the faults in
the Roccapreturo fault system have some of the lowest total geological throw values in the
Central Apennines (Figure 7). We also calculate the throw/length ratio using the “Main
Fault” category, the Roccapreturo fault has a throw/length ratio of 0.055, this value is below
average when compared to other faults in the Central Apennines (0.035 — 0.083 (Roberts &
Michetti, 2004)). This may suggest that the Roccapreturo fault system has a lower degree of

maturity within the central Apennine fault system.

The shape of the Holocene throw profile differs from the geological throw profile in that it
does not follow a simple triangular to bell shape (Figure 4d & 8). Instead, a throw minima is
located at the eastern edge of the relay zone between the Roccapreturo and Succiano faults.

On the geological map (Supplementary Figure 11) and other papers about this fault system
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(Goodall et al., 2021), there are a number of minor faults mapped in this area, although it is
unclear from these maps whether these faults should be considered as Holocene active or
not, and we did not find any clear evidence in the field of these minor structures. If these
faults are active but had very small (< 1 m) amounts of throw that could not be readily
recognised in the field, this may explain why the total Holocene throw is low at this point.
Similar observations have been made for small-scale relay structures, where it is noted that
there was a change from localised to distributed deformation within a relay ramp (Nixon et

al., 2019).

Taken together the structural and the geological throw data, we infer that, although the
three fault strands are separate at the surface, at depth they connect and a fault bend exists
in the area where the faults overlap (Figure 8). Based on this inference, we suggest that the
Roccapreturo fault system is at Time 5 in the evolution of a fault bend shown in Figure 1b,

with separate strands at the surface, connected together at depth.

In the future, we would anticipate that the fault bend at depth will propagate to the surface
and eventually the relay zone will develop into a fault bend (i.e. like Time 6 in Figure 1b),
though we cannot constrain the timescale of this process. The exact geometry of the fault
bend at the surface, for example whether the Succiano fault is eventually abandoned, or
how the Middle Aterno West and Roccapreturo fault join, cannot be constrained from the

present field data.

Speculation on the earthquake behaviour of the Roccapreturo fault system and implications

for seismic hazard

There are no earthquakes in the historical record (Guidoboni et al., 2019) that can be
confidently assigned to the Roccapreturo fault system, and as there are only two
paleoearthquakes recognised (Falcucci et al., 2015), it is not possible to deduce a recurrence
interval from the historic/paleoseismic catalogue. Therefore, understanding the potential
seismic hazard and characteristics of any earthquakes that could be generated by this fault

system would be useful.

Studies have suggested that the structural maturity of faults affects the resulting earthquake
behaviour, including lower stress drops (Choy & Kirby, 2004; Hecker et al., 2010; Manighetti

et al., 2007), more distributed damage (Thakur & Huang, 2021) due to less efficient rupture
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propagation (Andrews et al., 2026; Guo et al., 2023), more aftershocks (Guo et al., 2023),
and irregular recurrence intervals (Thakur & Huang, 2021) for low maturity faults. Our
results indicate that the Roccapreturo fault system is an immature fault system, because of
the 1) range of strike values, 2) separate fault strands at the surface, and 3) low geological
throw and T/L ratio. In addition, the Holocene slip histories inverted from 36Cl cosmogenic
studies (Goodall et al., 2021; lezzi et al., 2025; Roberts et al., 2025) show variable slip rate,
which could also be interpreted to be phases of clustering/anti-clustering of earthquakes,
i.e. irregular recurrence intervals. The complex Holocene throw profile may also indicate
more variable earthquake behaviour, i.e. full and partial ruptures and therefore a greater
range of potential earthquake magnitudes and higher CoV (coefficient of variation, defined
as the standard deviation of the mean recurrence time, divided by the mean recurrence
time). This speculation is based on earthquake cycle models of a normal fault in central Italy
driven by different throw profiles (Rodriguez Piceda et al., 2025). Furthermore, within relay
zones it is expected that there will be more distributed or off-fault coseismic damage (e.g.
50% strain accommodated by off-fault damage from a small-scale study (Nixon et al., 2019).
Dissipative processes such as fracture formation and gouge production on subsidiary faults
within a wide damage zone significantly contribute to the earthquake energy budget (Cocco
et al., 2023; Okubo et al., 2019) by reducing the amount of energy available for rupture

propagation (Shipton et al., 2006).

There are two competing factors that will affect the magnitude of earthquakes generated on
the Roccapreturo fault system. The rupture area of a connected fault will be larger than
three separate faults (i.e. if the surface geometry was extended to depth), which would
imply larger earthquakes based on scaling laws (Wells & Coppersmith, 1994). However, the
presence of a fault bend may inhibit rupture propagation if an earthquake was to nucleate
on either the north-west or south-eastern end of the Roccapreturo fault system (Biasi &
Wesnousky, 2016; Manighetti et al., 2007; Mildon et al., 2017; Steacy & McCloskey, 1998),
thus limiting the magnitude of the resulting earthquake. Therefore, we might expect that
future earthquakes on this fault will have low stress drops, wider damage zones and/or

distributed ruptures, more aftershocks, and more irregular recurrence intervals.

Conclusions
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The Roccapreturo fault system is well-exposed at the surface by carbonate bedrock scarps,
and thus abundant structural and throw data can be gathered along its length. At present,
the fault system is comprised of three separate fault strands at the surface. Through
combining collected structural data and Holocene and geological throw data, we
hypothesise that these three surface strands are connected together in the sub-surface,
based on 1) the convergence of slip vectors, 2) steeper dips in the relay zone between the
strands and 3) the shape of the geological throw profile. Therefore, this also implies that the
Roccapreturo fault system is a relatively immature fault, which is supported by the wide
range of fault geometry, a relatively low geological throw and T/L ratio compared to other
normal faults in the Central Apennines. The complex fault geometry and sub-surface
connectivity is important to document, particularly constraining that the faults are
connected in the sub-surface, as longer faults produce larger earthquakes. However, as
there are no historical earthquakes related to this fault, we do not know how an earthquake
would propagate through the disconnected surface fault system. We speculate that the
disconnected surface fault system with high variability in the fault geometry may result
lower stress drops, wider damage zones and/or distributed ruptures, more aftershocks, and
more irregular recurrence intervals. Our study confirms the value in conducting high-spatial
resolution geological mapping of normal fault scarps to constrain the activity, connectivity

and seismic potential of active faults.
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Figure 1 — Location and scientific overview of the study area. a) Fault map of the Central
Apennines using the “Main Faults” from the Fault2SHA database (Faure Walker et al., 2021).
Recent earthquake locations and focal mechanisms with M>5.5 are shown in blue circles
(ISIDe Working Group, 2007). Historical earthquake locations are shown with purple squares
(Guidoboni et al., 2019). DEM is from TINITALY (Tarquini et al., 2012). Inset map shows the
location within Italy, imagery from Google Earth. Black box indicates the location of the
studied Roccapreturo fault system. b) Schematic diagram of a 3D evolution from an along-
strike fault bend by propagation of en-echelon faults and eventual linkage (adapted from
(lezzi et al., 2018)). The along strike bend (C) forms at depth (Y) earlier than at the surface
(2), and these bends typically have steeper dips. c) geometry-dependent throw-rate model
(Faure Walker et al., 2019), which implies that the throw and dip vary throughout along-

strike fault bends to keep the strain-rate concomitant.
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Figure 2 — a) Map of the gathered data plotted onto the Fault2SHA Traces (Faure Walker et
al., 2021), colour coded according to activity level (1- dated Holocene displacement, 2-
evidence of Holocene displacement, 3- geologic or geomorphic evidence of fault activity).
SMDPW - Santa Maria Del Ponte West trace, TDAW — Tione Degli Abruzzi West trace, TDAE —
Tione Degli Abruzzi East trace, SSL — Succiano San Lorenzo trace, B — Beffi trace, RNW —
Roccapreturo North West trace, RA — Roccapreturo Acciano trace, A — Acciano trace.
Coloured dots correspond to the level of data gathered, all locations have a strike and dip,
some locations have the slip vector measured, and some locations have a Holocene throw
profile taken. Black rectangle shows the location of the paleoseismic trench (Falcucci et al.,
2015). Black triangles show the cosmogenic sample sites (Goodall et al., 2021; Roberts et al.,
2025). Black box shows the extent of the structural map in Figure 5. b) Previously
unpublished Holocene throw profiles are plotted at the same scale (no vertical
exaggeration), and labelled 1 — 9, their locations are indicated on the map with numbers in

circles.
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Figure 3 — Field photographs showing the geomorphology of the bedrock fault scarp. a) wide
angle view of a southern section of the Roccapreturo fault, b) upstanding fault scarp where
the immediate footwall has been eroded away, c) bedrock scarp with a small alluvial cone on
the hangingwall, d) striated fault scarp with minimal erosion, e) view along the fault scarp

into a gully.
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convergence. Faults and the extent of the relay zone between faults are labelled. Sub-plots
show the b) strike, c) dip, d) Holocene throw and e) geological throw plotted along distance
along the fault, colour coded according to the associated fault. The extent of the relay zone
between faults is shown in grey. When averaged based on location, the dips of the faults in
the relay zone are higher than the dips of the faults when there is no across-strike

overlapping fault.
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526  Figure 5 — Example structural map of a section of the Roccapreturo fault, location of this
527  map is shown in Figure 2. The preservation and morphology of the bedrock fault scarp is
528  mapped. Structural data (strike/dip of the fault plane and trend/plunge of slip vector) is
529 collected and plotted, stereonets show the average trend/plunge of slip vector where
530 multiple frictional wear striations are collected at a single locality. Background is Google
531  Earth imagery. Coordinates given are UTM zone 33N. Grey dashed boxes and numbers

532 indicate the overlap with subsequent structural maps (shown in Supplementary Figures 1-

533 10).
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536  Figure 6 — Strain rate calculations across the Roccapreturo fault system. a) Strain rate across
537  the Roccapreturo fault system (i.e. across all three fault strands), calculated for three

538 different width bounding boxes. b) Strain rate calculated for 1 km wide bounding boxes,
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showing the orientation and magnitude of the principal horizontal strain rate. Transects that
are 1 km wide are chosen as, at this resolution, the majority of transects include at least one

measurement of Holocene throw.
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Figure 7 — Geological throw compilation from the Central Apennines. a. Geological throw
versus fault length for the “Fault” level from the Fault2SHA database (Faure Walker et al.,
2021). The three fault strands of the Roccapreturo fault system are highlighted. b. Geological
throw versus fault length for the “Main Fault” level from the Fault2SHA database. Geological
throw data compiled from a range of sources (Boncio et al., 2004; lezzi et al., 2019; Roberts

& Michetti, 2004; Schirripa Spagnolo et al., 2021; Testa et al., 2019).
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Figure 8 — Cartoon of the hypothesised structure of the Roccapreturo fault system (not-to-
scale), showing the separate fault strands at the surface and the hypothesised fault bend at
depth. The cumulative geological and Holocene throw profiles are also shown, as well as

indicative convergent slip vectors.
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