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Abstract Throw rates of active faults are expected to scale with fault length because the geometric moment
of a fault is directly related to its dimensions. However, empirical data sets commonly display substantial
scatter, which limits the use of fault scaling relationships for seismic hazard assessment and for understanding
the mechanics of continental deformation. Here we compile and investigate throw‐rate versus fault‐length data
sets from three extensional regions in Italy characterized by progressively increasing numbers of active faults
across strike. For each region, we quantify the strength and scatter of the scaling relationship using multiple
statistical metrics, including R2, RMSE, and SSE. Our results show that the strength of the correlation
systematically decreases and scatter increases as the number of across‐strike faults increases. This pattern is
robust across statistical measures and is not significantly affected by uncertainties in fault length or throw‐rate
estimation over Holocene to Late Quaternary timescales. We interpret these observations as evidence that fault
interaction within densely faulted systems plays a first‐order role in controlling throw‐rate variability. These
findings have important implications for the application of fault scaling relationships to seismic hazard
assessment and for models of strain partitioning in continental extensional settings.

Plain Language Summary This study investigates the variability in empirical scaling relationships
between fault throw‐rate and fault length across extensional regions of the Italian Apennines. While longer
faults are generally expected to have higher slip rates, significant scatter in observed data complicates seismic
hazard assessments. By analyzing data sets from three regions with differing fault network geometries within
the Italian Apennines Chain, the authors demonstrate that the degree of scatter correlates with the number of
faults across strike. Regions with more faults in close proximity show greater variability in throw‐rate versus
length, attributed to fault interactions that modulate slip rates through stress change transfer processes. These
findings align with previous hypotheses that temporal earthquake clustering and variable slip rates arise from
fault network interactions. The results underscore the importance of considering fault geometry, particularly
across‐strike spacing, when using scaling laws for seismic hazard modeling or estimating crustal rheology. The
study suggests that more accurate seismic hazard assessments can be achieved by accounting for fault
interaction effects, especially in densely faulted regions where stress change transfer from one fault can
significantly impact the behavior of neighboring structures.

1. Introduction
Fault displacement‐rates, whether reported as slip in the plane of the faults (slip‐rates) or throw‐rates (vertical
component of the slip‐rate), are critical variables used for seismic hazard assessment because they influence the
recurrence rates of earthquakes (Cowie & Roberts, 2001; Cowie et al., 2012; Molnar, 1979; Nicol et al., 2005;
Pace et al., 2016; Sgambato, Faure Walker, & Roberts, 2020). For instance, such data from active faults are
currently used in probabilistic seismic hazard assessment (PSHA) to assess the associated seismic hazard
(e.g., Field et al., 2014; Pace et al., 2006; Peruzza et al., 2011; A. Valentini et al., 2017). Average earthquake
recurrence intervals tend to decrease as throw‐rates increase (e.g., Cowie & Roberts, 2001; Wesnousky, 1999),
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but unfortunately throw‐rates may not be available for some faults in a region. Indeed, lack of knowledge for fault
throw‐rates might be due for several reasons such as slow fault movement, complex fault geometries, limited or
inaccessible field measurements, erosion or sedimentation obscuring geological markers and lack of suitable
materials for geochronological dating (e.g., Gómez‐Novell et al., 2022). One approach to estimating slip/throw‐
rates, where their direct measurements are lacking, is to exploit scaling relationships between throw‐rates and
fault length, because the latter is amenable to measurement from surface mapping. The slip‐rates of faults are
expected to scale with the fault lengths because the geometric moment (Mg) for a given fault, is related to the fault
displacement (D), the length of the fault (L) and the down‐dip width (W), in the formMg = DLW (e.g., Anderson
et al., 2021; Cowie & Roberts, 2001; Scholz & Cowie, 1990; Wells & Coppersmith, 1994; Wesnousky, 1999,
2008). However, significant scatter exists in data sets for this relationship, and lack of understanding of why the
scatter exists hinders our ability to use it for seismic hazard purposes and to understand continental deformation
(Mouslopoulou et al., 2009). One suggestion is that the scatter is introduced where temporal earthquake clustering
raises or lowers the throw‐rate measured over timescales of a few millennia relative to time‐averaged throw‐rates
measured over tens to hundreds of millennia or more (Mouslopoulou et al., 2009). Indeed, in Mouslopoulou
et al. (2009), the temporal earthquake clustering was suggested to be produced by fault interactions, but data
available to test this was not discussed in detail. Since that time several studies have detailed throw‐rate variability
and temporal earthquake clustering associated with fault interactions (e.g., Iezzi et al., 2021; Roberts et al., 2024,
2025). For example, for areas of extensional faulting in Italy, it has been shown that the transfer of stress produced
by coseismic and interseismic slip is of sufficient magnitude to modulate the strain‐rates on viscous shear‐zones
underlying active normal faults to an extent that explains the measured throw‐rate variations on their overlying
faults (e.g., Mildon et al., 2022; Roberts et al., 2024, 2025). These studies showed that throw‐rates within 42
studied temporal earthquake clusters, lasting on average between 2.83 and 4.26 kyrs, are greater than throw‐rate
measured over 20 kyrs by a mean factor of 6.24 (Roberts et al., 2025). This is consistent with the hypothesis
advanced by Mouslopoulou et al. (2009).

Previous investigations have interpreted fault network geometry, and in particular the number and across‐strike
spacing of active faults, as exerting a first‐order control on fault interaction processes (e.g., Roberts et al., 2024;
Rodriguez Piceda et al., 2025). In extensional regions where multiple active faults are closely spaced across strike,
coseismic and interseismic stress changes produced by slip on individual faults may be more efficiently trans-
ferred to neighboring structures, promoting temporal variability in slip rates and increasing the likelihood of
earthquake clustering within fault systems (e.g., Cowie et al., 2012; Gupta & Scholz, 2000; Nicol et al., 2005). For
instance, the importance of fault network geometry, particularly the across‐strike and along‐strike proximity of
faults, in controlling stress evolution has been demonstrated by Sgambato et al., 2023. Indeed, in this study has
been highlighted how fault geometry affects the relative importance of coseismic and interseismic stresses, and
consequently the proportion of faults that are positively stressed over time. Furthermore, they showed how the
stress evolution associated with earthquake recurrence differs in three regions of extension along the Italian
Apennines such as the Central Apennines, the Southern Apennines and Calabria and the Messina Strait region
which have a differing fault network geometry, including the number of faults across‐strike which accommodate
the extension. However, it remains poorly quantified whether fault network geometry systematically controls the
scatter of long‐term throw‐rate versus fault‐length scaling relationships. These results prompted us to test the
hypothesis that greater scatter in throw‐rate versus fault length scaling will exist for faults systems with geom-
etries that promote interaction, for example, where a greater number of faults exist across strike, and the sepa-
ration of faults across strike is small relative to the distance across strike that significant stress interactions can
occur. We present throw‐rate versus fault length data sets for three areas of extension in Italy that exhibit a
progressively greater number of closely spaced faults across strike. We show that the scatter in the data increases
with a greater number of faults across strike and hence greater across strike fault interaction. We discuss these
results in terms of seismic hazard assessment and continental deformation.

2. Geological Background and Regional Setting
This study focuses on three regions within the extensional Italian Apennines Chain (Figure 1 and inset): the
Central Apennines, the Southern Apennines, and Calabria and the Messina Strait region, which have varying fault
network geometry, in particular the number of faults across‐strike which accommodate the extension.
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2.1. Extension in the Italian Apennines Chain

The Italian Apennines Chain is formed by previously shortened continental crust produced by the Alpine
orogenesis, lying within a zone of tectonic convergence between African and Eurasian Plates, later affected by
active extension since Plio‐Pleistocene times (Cavinato & Celles, 1999; Doglioni, 1993; Malinverno &
Ryan, 1986). Crustal extension is thought to be likely due to a combined process between (a) the roll‐back of the
Calabrian subduction zone and (b) mantle upwelling beneath the continental crust (Cavinato & Celles, 1999;
D’Agostino et al., 2001; Faure Walker et al., 2012; Gvirtzman & Nur, 1999, 2001; Malinverno & Ryan, 1986). In
particular, in the Central and Southern Apennines, southwest–northeast extension initiated at ∼2–3 Ma and is
accommodated by arrays of NW–SE–striking normal faults that are commonly segmented and intersected by
across‐strike structures (Cavinato & Celles, 1999; Patacca & Scandone, 2007; Roberts &Michetti, 2004). Surface
fault scarps preserved since the Last Glacial Maximum (∼15 ± 3 ka) record cumulative surface‐rupturing
earthquakes, providing robust estimates of post‐glacial throw‐rates that are broadly representative of longer‐
term deformation since fault initiation at ∼1.8–3.0 Ma (Faure Walker et al., 2012; Papanikolaou & Rob-
erts, 2007). This structurally complex fault network promotes strong fault interactions and spatially variable slip,
making the Apennines an ideal setting for investigating throw‐rate variability and temporal clustering. In contrast,
the Calabrian‐Peloritan Arc forms a transitional zone between the Southern Apennines and the Maghrebian chain
of northern Sicily and is dominated by Quaternary WNW–ESE extension associated with the southeastward
retreat of the Ionian slab (e.g., Faccenna et al., 2001). Deformation is accommodated by fewer, longer‐lived

Figure 1. Map showing active normal faults deforming the Calabria and Messina Strait region in the southern Italian
Apennines chain. Yellow stars represent location of historical earthquakes with highest magnitude for a given fault. In
dashed and light‐blue colored lines tectonic lineaments are shown, identifying the north and south limits of the Calabria and
Messina Strait region. Top inset is modified from Faure Walker et al. (2012).
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normal faults, many of which have accumulated substantial throw since the Middle Pleistocene (∼0.7 Ma) and are
associated with prominent fault scarps and uplifted marine terraces (e.g., Monaco & Tortorici, 2000; Quye‐
Sawyer et al., 2021; Roberts et al., 2013). Slip or throw rates derived from displaced Holocene deposits and
Quaternary terraces are relatively well constrained and are consistent with high geodetic strain rates measured
across the region (Devoti et al., 2011; Meschis, Teza, et al., 2022). Compared to the Apennines, the Calabrian‐
Sicily fault network is characterized by wider fault spacing and fewer across‐strike structures, representing a
geometrically simpler end‐member. This contrast between a highly segmented fault system (Apennines) and a
more linear, along‐strike fault network (Calabria‐Sicily) provides a natural framework for testing how fault‐
network geometry influences throw‐rate variability, fault interaction, and the temporal clustering of large
earthquakes.

Crustal extension that has affected the uplifting Italian Apennines Chain, accommodated by active normal faults,
is consistent with GNSS measurements showing an averaged extension rate within a range of ∼2–3 mm/yr (Faure
Walker et al., 2012; Mastrolembo Ventura et al., 2014; Meschis, Roberts, et al., 2022; Meschis, Teza, et al., 2022;
Serpelloni et al., 2005; Walker, 2010). Active extension is also confirmed by the presence of historical seismic
activity in the last millennia that have ruptured these normal faults along the Italian Apennines Chain throughout
Calabria and the Messina Strait region (e.g., Aloisi et al., 2013; Galli et al., 2007; Giuffrida et al., 2023; Jacques
et al., 2001; Meschis et al., 2019). Roberts et al. (2024) showed that stress transfer from a single 1‐m coseismic
slip event produces differential stress changes in the range of ±0.1 to >0.5 MPa on faults across the whole width
of the Apennines normal fault system, and on shear‐zones beneath these active faults (Figure 2). With stress
changes experienced over across strike distances of ∼60 km, and average across‐strike fault spacings of 8–15 km,
it appears that the separation of faults across strike is small relative to the distance across strike that significant
stress interactions can occur.

3. Methods and Details of Fault Data for the Italian Apennines Chain
For this study we compiled data for 68 active normal faults as summarized in Table 1 where fault lengths and fault
throw‐rates are shown for the Central Apennines, Southern Apennines and Calabria and Messina Strait region
(Sicily). All fault throw‐rates data from the literature are stated using the largest measured value along a fault
trace. For the Calabria and Messina Strait region almost all fault throw‐rates are averaged over the Middle to Late
Pleistocene (700–15 ka) because they are derived by displaced and tectonically‐deformed raised marine terraces
(e.g., Ferranti et al., 2006; Meschis et al., 2018;Meschis, Roberts, et al., 2022; Meschis, Teza, et al., 2022; Roberts
et al., 2013; Roda‐Boluda & Whittaker, 2017; Westaway, 1993). These time periods are long relative to the
2.83–4.26 kyrs temporal extents of temporal earthquake clusters measured elsewhere in the Apennines (Mildon
et al., 2022; Roberts et al., 2024, 2025). In contrast, fault throw‐rates from the Southern Apennines and Central
Apennines regions are mostly values averaged since the demise of the Last Glacial Maximum (LGM) at
∼15 ± 3 ka, but also derived from raised and displaced Holocene coastal notches studies, and Holocene

Figure 2. Stress transfer across a system of faults resulting from a 1 m coseismic slip event on an active normal fault.
Significant stress changes occur across a region contain multiple faults across strike. Modified from Roberts et al. (2024).
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Table 1
Fault Data Are Shown

Fault
Length—L

(km)
Throw rate—TR

(mm/yr)
Time spanning for

throw‐rates Reference

Calabria and Messina Strait region

Rossano 15 0.47 125 ka* Galli et al. (2011)

East Crati 45 1.3 700 ka* Roda‐Boluda and Whittaker (2017)

West Crati 40 0.8 700 ka* Roda‐Boluda and Whittaker (2017), Meschis, Teza, et al. (2022),
Tortorici et al. (1995)

Lakes 33 1.08 15 ka? Galli et al. (2007), Galli and Bosi (2003)

Sant’Eufemia Gulf 24 0.21 15 ka? Loreto et al. (2023), A. Valentini et al. (2017)

Vibo 24 1.06 340 ka* Roberts et al. (2013)

Serre 32 0.8 600 ka* Roda‐Boluda and Whittaker (2017)

Cittanova 47 1.4 600 ka* Roda‐Boluda and Whittaker (2017)

Scilla 30 0.95 15 ka? Ferranti et al. (2007, 2008)

Sant’Eufemia 19 0.86 700 ka* A. Valentini et al. (2017), Monaco and Tortorici (2007)

Armo 18 0.32 50 ka* Meschis, Roberts, et al. (2022)

Reggio Calabria 20 0.33 50 ka* Meschis, Roberts, et al. (2022)

Messina‐Taormina 58 2.34 50 ka* Meschis, Roberts, et al. (2022), Meschis et al. (2019)

Capo D’Orlando 22 0.63 340 ka* Meschis et al. (2018)

Southern Apennines

Alburni 24 0.43 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Apice 6 0.20 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Avella 20 0.20 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Boiano 26 0.44 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Cassino 24 0.40 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Gallo 13.5 0.20 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Irpinia 26 0.65 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Irpinia Antithetic 8 0.33 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Maratea 23 0.52 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Mercure 24 0.45 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Miranda Pesche 8.5 0.20 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Monte Alpi 20 0.60 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Piedimonte Matese 11 0.20 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Pollino 25 0.40 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)
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Table 1
Continued

Fault
Length—L

(km)
Throw rate—TR

(mm/yr)
Time spanning for

throw‐rates Reference

Pozzilli 17 0.22 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

San Gregorio Magno 23 0.51 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Ufita 13 0.20 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Val d'Agri 36 0.61 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Vallo di Diano 39 0.67 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Volturara 23.5 0.30 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Volturno 15.5 0.50 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Ufita 13 0.20 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Val d'Agri 36 0.61 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Vallo di Diano 39 0.67 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Volturara 23.5 0.30 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Volturno 15.5 0.50 15 ka Sgambato, Faure Walker, and Roberts (2020), Sgambato, Faure Walker,
Mildon, and Roberts (2020)

Central Apennines

Assergi 25 0.84 15 ka Faure Walker et al. (2021)

Barete 16 0.76 15 ka Faure Walker et al. (2021)

Barisciano 22 0.46 15 ka Faure Walker et al. (2021)

Barisciano Mt. Stabiata 37 0.46 15 ka Faure Walker et al. (2021)

Campo Felice 11 0.96 15 ka Faure Walker et al. (2021)

Campo Imperatore East 21 0.45 15 ka Faure Walker et al. (2021)

Carsoli 19 0.47 15 ka Faure Walker et al. (2021)

Cerchio Pescina Parasano 18 0.64 15 ka Faure Walker et al. (2021)

Cinque Miglia Aremogna 18 0.77 15 ka Faure Walker et al. (2021)

Frattura 17 0.84 15 ka Faure Walker et al. (2021)

Fucino Magnola 37 1 15 ka Faure Walker et al. (2021)

Fucino Ovindoli Pezza 41 1.56 15 ka Faure Walker et al. (2021)

Laga 33 0.65 15 ka Faure Walker et al. (2021)

Leonessa 19 0.43 15 ka Faure Walker et al. (2021)

Liri 47 1.33 15 ka Faure Walker et al. (2021)

Magnola 10 0.45 15 ka Faure Walker et al. (2021)

Maiella 25 0.83 15 ka Faure Walker et al. (2021)

Middle Aterno Valley 20 0.57 15 ka Faure Walker et al. (2021)

Mt. Marsicano 24 0.66 15 ka Faure Walker et al. (2021)

Mt. Pizzalto 8 0.20 15 ka Faure Walker et al. (2021)
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palaeoseismological data and displaced fault scarps investigations as reported previously (Faure Walker
et al., 2021 and reference therein and in Table 1). Again, we note that these time periods are long relative to the
temporal extents of temporal earthquake clusters measured elsewhere in the Apennines. Indeed, these timescales
used in this study exceed the duration of documented temporal earthquake clustering and therefore represent long‐
term fault behavior rather than short‐term transient variability.

We emphasize once again that we assume stability in the fault throw rates during the Quaternary. Throw‐rates
calculated over the last 15 ka do not differ substantially from those calculated over 700 ka. This seems like a
reasonable assumption, even if we know that there are fluctuations, and that in reality the extensional tectonics in
Italy has progressively decreased in intensity over the last million years (e.g., Carminati et al., 2010). Fault lengths
and fault throw‐rates for the Calabria and Messina Strait region have been compiled for this study from literature
(Table 1 and Figure 1). Data on fault lengths and throw‐rates for the other two tectonically‐extending regions of
Italian Apennines are from the literature (Faure Walker et al., 2021; Mildon, Roberts, Faure Walker, Beck,
et al., 2019; Mildon, Roberts, Faure Walker, & Toda, 2019; Sgambato, Faure Walker, Mildon, & Roberts, 2020;
Sgambato, Faure Walker, & Roberts, 2020). It is important to note that fault lengths used in this study are taken
from well‐accepted fault maps and databases properly cited in Table 1 and correspond to mapped surface traces of
individual active faults. Moreover, these definitions are applied in a consistent way across all the three investi-
gated regions in this study. We are aware that one can argue that adjacent fault segments may be mechanically
linked at depth (i.e., soft linkage, FaureWalker et al., 2009; Iezzi et al., 2019; Rotevatn et al., 2019), yet we do not
modify published fault lengths as doing so would introduce regionally variable assumptions and reduce internal
consistency. Furthermore, independent investigations have proved that fault lengths available from literature are
reliable and scaled with magnitudes of historical and paleoseismologically‐derived seismic events (Galli
et al., 2008; Schirripa Spagnolo et al., 2021). We know of places where fault maps and lengths are not well
defined, however we argue that accepting the uncertainty will not dramatically affect our results. To this end, we
have also applied margin of errors of 10% for fault length and 20% for fault throw‐rates (Walker, 2010).

For our statistical analysis, we explored the linear regression between throw‐rate (TR) and fault length (L),
adopting the following equation:

TR = a ∗L + b

Table 1
Continued

Fault
Length—L

(km)
Throw rate—TR

(mm/yr)
Time spanning for

throw‐rates Reference

Mt. Velino 25 0.56 15 ka Faure Walker et al. (2021)

Mt. Vettore 38 1.66 15 ka Faure Walker et al. (2021)

Norcia 24 0.66 15 ka Faure Walker et al. (2021)

Ocre 7 0.42 15 ka Faure Walker et al. (2021)

Ovindoli Pezza 17 1.56 15 ka Faure Walker et al. (2021)

Paganica.SanDemetrio Mt.
Stabiata

24 0.46 15 ka Faure Walker et al. (2021)

Paganica SanDemetrio
NeVestini

17 0.3 15 ka Faure Walker et al. (2021)

Rieti 22 0.33 15 ka Faure Walker et al. (2021)

San Sebastiano 14 0.33 15 ka Faure Walker et al. (2021)

Scanno 33 0.84 15 ka Faure Walker et al. (2021)

Scurcola 35 1 15 ka Faure Walker et al. (2021)

Sella Di Corno 25 0.4 15 ka Faure Walker et al. (2021)

Sulmona 26 1.33 15 ka Faure Walker et al. (2021)

Note. Fault slip‐rates are spanning the Holocene but “starred” value data (all from Calabria and Messina Strait region) are spanning the Middle to Late Pleistocene.
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Where a and b are regression parameters fitted via a least squares best fit analysis. The 95% confidence bounds of
the regressed parameters are reported, as well. Goodness of fit is evaluated through the SSE (Sum of Squares due
to Error), R2, and RMSE (Root Mean Squared Error). SSE is the total squared deviation of observed from pre-
dictive values; it represents the total prediction error made by the model across all observations and it is also the
quantity that ordinary least squares approach explicitly minimizes during the fitting process. Note that it is not
directly comparable between data sets of different sizes. RMSE measures the magnitude of the residuals in the
units of the dependent variable (mm/yr), providing an intuitive measure of scatter around the regression: it is not
dependent on the size of the sample, but it is more sensitive to possible outliers.

Finally, R2 value (coefficient of determination) quantifies in this study the proportion of variance in throw rates
that is explained by fault length; indeed, a value of 1 indicates perfect prediction and 0 indicates no explanatory
power.

The adoption of a linear regression between TR and L is theoretically suggested by fracture‐mechanics that
predicts self‐similar growth (Cowie & Scholz, 1992), which, over certain stages of fault evolution or regional
fault sampling, can produce an approximately linear TR–L regression.

It is important to note that where deformation rates are stated in the literature as slip‐rate we converted values to
throw‐rates, which is the vertical component of the displacement rate, using values for fault dip gathered from
surface outcrops in the literature.

In order to facilitate comparison with data set by Mouslopoulou et al. (2009), we have normalized our throw‐rates
data to that for a notional 100 km long fault in each of the three areas to remove the effect of differing regional
extension rates along the strike of the Apennines Chain. In particular, in order to allow comparison between data
sets spanning different absolute ranges of fault length and throw rate, we have normalized fault length and throw
rate following the approach of Mouslopoulou et al. (2009). Specifically, fault throw rates were scaled to a
reference fault length of 100 km by normalizing individual fault lengths (L) to 100 km and adjusting throw rates
accordingly. The choice of a 100‐km reference length reflects the upper bound of fault lengths commonly
observed for mature continental normal faults and provides a physically meaningful scale for inter‐regional
comparison. This normalization preserves the internal scaling and relative scatter within each data set while
removing first‐order differences in absolute magnitude related to regional strain rates and tectonic setting.

Finally, we sampled the numbers of faults across strike in each area via serial linear transects parallel to the
extension direction and compiled this information using histograms and producing frequency distributions
(Figure 3), to highlight the variations in fault network geometry along the Apennine chain.

4. Results
In this section, we show our new refined empirical correlations between fault length and fault throw‐rates for each
investigated region such as the Central Apennines, Southern Apennines, and Calabria and Sicily. In particular,
Figures 3a–3i shows the results for each of the three areas. The regressions calculated in all the considered regions
show a positive value for the parameter a (slope of the regression), whereas the 95% bounds for the b parameter
(intercept) cross the zero (Table 2). Calabria‐Sicily data set shows the strongest correlation (R2= 0.72; Figure 3g),
indicating that approximately 72% of the variability in throw rate is explained by fault length alone in this region.
This is in contrast with the Central Apennines (R2= 0.34; Figure 3a), where only 34% of the throw rate variance is
justified by fault length, suggesting that other controlling factors, including fault interaction, may exert a
prominent influence. The Southern Apennines shows an intermediate value (R2 = 0.55; Figure 3d). SSE values
decrease systematically from the Central Apennines to Calabria‐Sicily, consistent with the improvement of R2,
even if we note that SSE is sensitive to sample size and should not be compared directly between regions of
different fault count (Table 2). Instead, RMSE values are lowest for the Southern Apennines (Figure 3d), indi-
cating that the typical residual in throw rate around the regression line is smallest in that region; the Central
Apennines and Calabria‐Sicily data sets show higher, comparable RMSE values. We show that, taken together,
these metrics indicate that differences between regions are robust and do not depend on a single statistical in-
dicator. It is important to highlight that fitting metrics measure the proportion of explained variance, not the
sensitivity of throw rate to length nor any bias direction (i.e., over/under‐prediction). For example, a high R2 and a
low RMSE do not preclude a shallow regression gradient (i.e., throw rate may not vary greatly across the range of
fault lengths observed). In this line, it is therefore important to note that the gradient of the linear regression
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Figure 3. Scaling relationships for throw‐rate and fault length for three regions of extensional faulting in Italy compared to other regions. (a)–(c) Show this scaling, and
the related residuals, for central Apennines alongside a map of the fault geometries and a histogram of the numbers of fault across strike along the serial transects shown
in the maps. (d)–(f) Show this scaling, and the related residuals, for southern Apennines alongside a map of the fault geometries and a histogram of the numbers of fault
across strike along the serial transects shown in the maps. (g)–(i) Show this scaling, and the related residuals, for the Calabria‐Sicily region alongside a map of the fault
geometries and a histogram of the numbers of fault across strike along the serial transects shown in the maps. Note that red‐colored numbers are the number of active
fault across‐strike a transect, which is green‐colored.
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(parameter “a” in TR = aL + b; Table 2) also varies systematically between regions, still showing a residual plot
(Figure 3) with an overall symmetric distribution of errors across the entire range fault lengths. Calabria‐Sicily
yields the steepest gradient, indicating that throw rates are more than twice as sensitive to changes in fault
length compared to the Southern Apennines and, approximately 1.5 more times more sensitive than in the Central
Apennines. This likely suggest that for a given increment in fault length, the expected increase in throw rate is
substantially larger in Calabria‐Sicily region than elsewhere along the entire Italian Apennines Chain. We also
tentatively suggest that this may reflect the greater maturity and mechanical coherence of the Calabria‐Sicily fault
system, where fewer across‐strike active faults influence the strain portioning among individual faults. However,
further analysis of the controls on regression gradients are beyond the scope of this study and more future in-
vestigations are needed.

Our data sets in Table 1 and Figure 3 also differ in the geometry of the associated fault systems. The analysis
focuses on active faults capable of producing surface‐rupturing earthquakes. In the Central Apennines, up to nine
active faults are mapped across strike, with an approximately uniform distribution between one and nine across‐
strike faults (Figures 3b and 3c). In contrast, the Southern Apennines are characterized by a maximum of four
across‐strike faults, while the Calabria–Sicily region includes no more than three across‐strike faults (Figures 3e
and 3f for Southern Apennines and Figures 3h and 3i for Calabria‐Sicily).

When scatter metrics derived from the regressions (R2, RMSE, and SSE) are compared with the number of across‐
strike faults, a consistent pattern emerges (Figure 4). In particular, Figure 4a shows a single combined plot for all
68 faults along the Italian Apennines Chain, the best‐fit regression line and 95% confidence bounds. When the
entire data set is gathered, the overall correlation between throw rate and fault length is positive even if it shows
considerable scatter (R2 of 0.48 and RMSE of 0.30). This likely reflects the diversity of fault network geometries
shown in this study, and confirms that a single regression line is not enough to capture the regional variability
documented in Figure 3. Furthermore, data from the Central Apennines define the lower‐gradient, higher‐scatter
portion of the plot, while data from Calabria‐Sicily align along preferentially a steeper, tighter trend, visually
reinforcing the regional changes mentioned above (Figure 4a). Figure 4b shows R2 values for the three individual
regions in this study as a function of the maximum number of across‐strike fault recorded in serial transects
(Figures 3b, 3e, and 3h), parallel to the extension direction, alongside the corresponding fault count histograms.
This graph tentatively tests our central hypothesis that scatter, as quantified inversely by R2 value, increases with
the number of across‐strike faults. Indeed, higher R2 values are found from Calabria‐Sicily where a fewest across‐
strike faults are recorded (R2= 0.72), and consistent decrease through the Southern Apennines (R2 = 0.55), to the
Central Apennines where highest fault count is recorded (R2 = 0.34). These results support the interpretation that
fault network geometry, and specifically across‐strike fault density, exerts a first‐order control on the scatter of
throw‐rate versus fault length correlation. This is observed regardless of the statistical metric used to quantify
scatter and forms the basis for the interpretation discussed in the following section.

5. Discussion
The relationship between fault displacement and fault length has long been interpreted through the lens of self‐
similar fault growth. Early mechanical models demonstrated that displacement and length may scale

Table 2
Linear Regression Parameters and Goodness‐of‐Fit Statistics for the Relationship Between Fault Length and Throw Rate
(y = a·length + b) for Each Study Region and for the Combined Data Set (“All Faults”)

a (lower bound; upper bound) b (lower and upper bound) SSE R2 RMSE

Calabria and Sicily 0.0369 (0.0232; 0.0506) − 0.2259 (− 0.6758; 0.2239) 1.0227 0.7418 0.2919

Southern Apennines 0.0147 (0.0086; 0.0207) 0.0949 (− 0.0379; 0.2276) 0.2329 0.5748 0.1107

Central Apennines 0.0230 (0.0120; 0.0340) 0.2102 (− 0.0645; 0.4849) 3.6243 0.3385 0.3218

All faults 0.0291 (0.0224; 0.0359) − 0.0476 (− 0.227; 0.1275) 6.4770 0.4816 0.3042

Note. Reported values include regression coefficients (a, b), their 95% confidence bounds, the sum of squared errors (SSE),
the coefficient of determination (R2), and the root mean square error (RMSE). SSE reflects the cumulative misfit within each
data set and depends on the number of observations, whereas R2 and RMSE provide measures of correlation strength and
scatter that can be compared across data sets.
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proportionally during specific stages of fault evolution, particularly when faults propagate within mechanically
homogeneous media and accumulate slip in a self‐similar manner (Cowie & Scholz, 1992). However, subsequent
compilations of natural data sets have shown that this behavior is not universal. Variability in lithology, me-
chanical layering, fault maturity, and the degree of segment linkage produces substantial scatter in global data
sets, challenging the notion of a single linear scaling law applicable across tectonic settings (Lathrop et al., 2022).

More recent regionally focused studies provide important nuance to this debate. Indeed, when sampling is
restricted to fault systems that share comparable mechanical conditions, such as similar maturity, rheology, and
tectonic history, linear scaling can re‐emerge as a robust descriptor of fault growth. For example, it has been
documented a clear linear trend across several orders of magnitude within the mechanically coherent Atacama
Fault System, demonstrating that self‐similar growth processes can dominate when structural and lithological
variability is minimized (Stanton‐Yonge et al., 2020). These findings support the view that linear regressions are

Figure 4. (a) Linear regression between fault length and throw rate for the complete data set of active faults along the Italian
Apennines chain (“All faults”), with best‐fit line and 95% confidence bounds; residuals are shown in the lower panel.
Regression statistics are reported in the inset. (b) Shows the relationships between R2 values quantifying the scatter in throw‐
rate versus fault length scaling for each of the three areas, alongside histograms of the numbers of faults across strike within
the interaction zone.
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appropriate in regionally constrained analyses, whereas broader, heterogeneous data sets require more flexible or
non‐linear scaling formulations. These differences could be the basis of the different parameterizations of the
linear regressions calculated by dividing the data set on a geographical basis. However, this would be beyond the
scope of this investigation.

We also highlight that uncertainties in fault length measurements, fault linkage process and throw‐rates esti-
mations may surely contribute to scatter the empirical correlations in this study. However, these uncertainties are
common to all regions investigated here and cannot explain the systematic differences observed between the three
regions. In particular, uncertainty related to soft linkage would be expected to be greatest in densely faulted
regions, such as the Central Apennines, and would tend to increase scatter, making the observed reduction in
scatter for regions with fewer across‐strike faults a conservative result. Nonetheless, independent evidence further
supports the robustness of this interpretation. For instance, Faure Walker et al. (2021), using the Fault2SHA
Central Apennines database, show that the correlation between fault length and throw rate remains moderate
(R2 ≈ 0.4; their Figures 4c and 4d). This value is mostly comparable to our correlation obtained in this study
(R2 ≈ 0.34), suggesting that measurement uncertainty alone does not control the observed scatter. Instead, we
suggest that the variability is best explained by differences in fault interaction associated with across‐strike fault
density.

Our results in Figure 3 suggest that differences in scatter between regions are robust and not dependent on a single
measure of goodness of fit and confirm fault length as a first‐order control while highlighting additional sources of
variability.

Moreover, our results are consistent with the suggestion by Mouslopoulou et al. (2009) that “Stable long‐term
displacement rates and fluctuations in earthquake recurrence intervals and slip arise, in part, due to fault in-
teractions.” We suggest that where the separation of faults across strike is small relative to the distance across‐
strike, significant stress interactions can occur, and this results in fault slip‐rate variability (Figure 2). This is
consistent with Sgambato et al. (2023), who show the importance of fault system geometry for controlling the
relative importance of coseismic and interseismic stress and in turn overall stress evolution on faults and
earthquake occurrence variability.

We have linked our results to measurements of the durations of temporal earthquake clusters, for example, where
throw‐rates within 42 studied temporal earthquake clusters that occurred in the area we study, lasted on average
between 2.83 and 4.26 kyrs, displaying a throw‐rate greater than the throw‐rate measured over 20 kyrs by mean
factor of 6.24 (Roberts et al., 2025). This may go some way toward confirming the suggestion by Mouslopoulou
et al. (2009) that scatter in scaling between throw‐rates and fault lengths is due to fault interaction. We are able to
make this observation because we use throw‐rate measurements over longer time periods (20 ka) as opposed to the
shorter timescales that are reported to characterize temporal earthquake clustering (2.83–4.26 kyrs; Roberts
et al., 2025).

In order to examine our regional results within a broader global framework, we try to compare our data sets with a
more global compilation of throw‐rates versus fault length presented by Mouslopoulou et al. (2009). In particular,
we pursue two main objectives where firstly we assess whether data from the Italian Apennines Chain reproduce
the scatter levels reported in a global data set derived from different tectonic settings; secondly, we evaluate
whether regionally constrained data sets, such as ours, show reduced scatter compared to heterogenous global
ones, consistent with the hypothesis that tectonic setting and fault geometry are key controls. We here recall that
for having a better visualization of comparing between our results and those by Mouslopoulou et al. (2009), we
have normalized our throw rates and fault lengths following the approach proposed by Mouslopoulou
et al. (2009), scaling to a reference fault length of 100 km (see Methods for more details). Figure 5a shows our
three normalized regional data sets while Figure 5b shows the Mouslopoulou et al. (2009) compilation. It is
interesting to note that our normalized data sets display less scatter overall than the global compilation, which
suggests the idea that regional fault arrays sharing comparable mechanical conditions may likely produce more
coherent scaling behavior. Furthermore, scatter within our data set is less for regions that have fewer faults across
strike (Southern Apennines and Calabria‐Sicily) (Figure 4d), compared to the Central Apennines, a zone known
to be prone to stress interactions (Figure 2; Mildon, Roberts, Faure Walker, Beck, et al., 2019; Mildon, Roberts,
Faure Walker, & Toda, 2019; Sgambato et al., 2023; Sgambato, Faure Walker, Mildon, & Roberts, 2020; G.
Valentini et al., 2024; Wedmore et al., 2017). We suggest that, if the regional extension rate is maintained and
each across‐strike fault contributes to accommodating this extension, an increase in the number of across‐strike

Tectonics 10.1029/2025TC009001

MESCHIS ET AL. 12 of 16

 19449194, 2026, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025T

C
009001 by A

lessandro M
ichetti - U

ni D
ell Insubria , W

iley O
nline L

ibrary on [07/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



faults promotes greater scatter in throw‐rate versus fault‐length scaling. This occurs because individual faults
participate in temporal clusters characterized by slip/throw rates that exceed long‐term averages measured over
∼20 kyr. This has important implications for seismic hazard assessment. In many fault systems, the slip or throw
rates of individual faults are not well constrained, which limits our ability to estimate recurrence intervals for
damaging earthquakes and to characterize the intercepts of frequency–magnitude distributions for specific faults
(e.g., Pace et al., 2016; Roberts et al., 2025; Sgambato et al., 2025). However, given knowledge of robust scaling
between throw‐rate and fault lengths, in the absence of significant scatter, this would facilitate our ability to
allocate portions of the regional extension rate to individual faults (e.g., Carafa et al., 2020; Ferranti et al., 2014;
Johnson et al., 2020; Meschis, Teza, et al., 2022; Serpelloni et al., 2010; Zeng & Shen, 2016). More specifically,
our results suggest that predictive utility of empirical scaling relationships such as ours from this study is strongly
dependent on fault network geometry. Indeed, in regions characterized by simple fault arrays with a few active
faults across‐strike, like our Calabria‐Sicily data set, scaling relationships may provide reasonable reliable first‐
order estimates of throw rate from measured and properly mapped fault length. These estimates might influence
seismic hazard assessments where throw rate data are lacking. In contrast, regions characterized by fault arrays
that are geometrically more complex, with multiple closely spaced across‐strike interacting faults, scaling re-
lationships are expected to carry significant uncertainties and should be applied more cautiously. Our results
suggest that the endeavor of allocating portions of the regional extension rate to individual faults using scaling
relationships between throw‐rate and fault length, should include consideration of fault dimensions, geometric
moment, and the numbers of faults across strike within the interaction zone. This same is true for calculations of
rheological properties of the continental crust in extension, such as viscosity of the viscous shear zones in the
middle and lower crust, using slip or throw rate data and the localized or distributed nature of the active fault
system (Cowie et al., 2005; England & Molnar, 1997; Roberts et al., 2025).

6. Conclusions
We present a regional analysis of throw‐rate versus fault‐length scaling in three extensional domains of the Italian
Apennines Chain characterized by progressively increasing numbers of active faults across strike. Using multiple
statistical measures (R2, RMSE, and SSE), we show that the strength of the scaling relationship decreases and
scatter increases in regions where a greater number of faults interact across strike. This pattern is robust to un-
certainties in fault length definition and to slip/throw‐rate estimates averaged over Holocene to Late Quaternary
timescales, which are sufficiently long to smooth short‐term temporal clustering. Our results indicate that fault
interaction exerts a first‐order control on the variability of fault slip/throw rates and should be explicitly taken into
account when applying empirical scaling relationships to seismic hazard assessment and to models of strain
partitioning and crustal rheology in continental extensional settings.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Figure 5. (a) Compilation of all data normalized for the three areas to facilitate comparison with (b). (b) Comparison of throw‐rate versus fault length scaling for other
regions of extension from Mouslopoulou et al. (2009).
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Availability Statement
All data necessary to reproduce the results presented in this study (fault lengths and throw rates) are compiled in
Table 1 of the manuscript. Therefore, no additional external repository is required.
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