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Abstract. Use of faults in seismic hazard models allows capturing the recurrence of large-magnitude events and
therefore improve the reliability of probabilistic seismic hazard assessment (PSHA). In the past decades, fault
segmentation provided an important framework for quantifying fault-based PSHA. However, in the last years,
complex coseismic ruptures (e.g. 2010 M 7.1 Canterbury, 2012 Mw 8.6 Sumatra, 2016 Mw 7.8 Kaikoura, 2016
Mw 6.5 central Italy) imposed to pay particular attention to the treatment of all possible combinations of rupture
scenarios for PSHA. Here we present two methodologies to model rate of ruptures along fault systems, one based
on a floating rupture approach (FRESH) and another one based on assumed rupture scenarios (SUNFISH). They
represent alternatives to SHERIFS, an approach recently proposed to go one step beyond the strictly-segmented
one commonly used in Europe. Differences in the three approaches are related to the way slip rate, rupture
geometries and MFD are modelled. To quantify differences between the three methodologies, we compared PSHA
results based on geometries and slip rates of a fault system located in NE TItaly, assuming a specified maximum
magnitude and the same seismic moment rate target. Differences of up to 20-30% in the resulting hazard levels
are observed. Finally, we demonstrate that the three methodologies are able to solve for the long-term rate of
ruptures with resulting PSHA that reflect the fault system geometry and slip rates, without any assumption on
segment boundaries. Using fault-based approaches in PSHA requires collecting as much local geological
information as possible. Now that multi-fault rupture approaches are available, simplistic, uniform slip rate
approaches along complex fault systems should be avoided to the benefit of local data collection, which should be
strongly encouraged (fault slip rates should be locally evaluated, fault geometries should be studied).
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1. INTRODUCTION

Use of faults in seismic hazard assessment allows to capture the recurrence of large-magnitude
events and therefore to improve the reliability of probabilistic seismic hazard assessments
(PSHA). From a seismic hazard point of view, the first step is, ideally, to identify the potentially
active faults and then to evaluate the rate of earthquakes that each fault may generate.

In the past decades, fault segmentation provided an important framework for quantifying fault-
based PSHA (e.g., [1]; [2]; [3]; [4]; [5]). Various features were proposed as potentially factors
that control the location and length of rupture (i.e., rules for segmentation). For example, [6]
proposed that rupture could be limited to regions between bends in faults and terminated at
geometric barriers defined as conservative or non-conservative, depending on the shape of the
barrier. One of the first segmentation models was proposed by [7] for the Wasatch Fault (Utah,
USA); they suggested six segments on the basis of homogeneous fault properties and historical
seismicity and as many as 10 segments based on the geometric change along the fault. Later,
[8] defined the concept of characteristic earthquake model, in which “seismic-energy release
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on a given segment occurs mostly as earthquakes of a size that is characteristic of the segment”.
The main assumption behind segmentation and the later characteristic earthquakes model was
that coseismic ruptures would rupture an entire segment but would not rupture onto adjacent
segments. In this framework, a segment represents a fault or an ensemble of faults that
repeatedly slipped together during past single events and likely will show the same behaviour
during the next future earthquakes. More recently, [5] have rather explored the geological,
geometrical and kinematical constraints that may allow ruptures to jump from one fault to the
next, hereafter named FtF rupture. Factors that have been used to allow or impede FtF rupture
scenarios are: (i) fault gaps among aligned structures; (ii) intersections with cross structures
(often transfer faults) significantly extending along strike and oriented at nearly right angles to
the intersecting faults; (iii) overlapping or underlapping en echelon arrangements with
significant separations between faults; (iv) bending greater than a certain angle for a significant
length; (v) average slip rate variability along a strike greater than or equal to 50 %; and (vi)
significant changes in seismogenic thickness among aligned structures. The latest Californian
earthquake rupture model (UCERF-3) developed a novel methodology to treat all possible
combinations of rupture scenarios within the same branch of the logic tree ([9]). In their
terminology, faults are divided into smaller sections and all possible section-to-section ruptures
are investigated. The possibility of ruptures happening is controlled by a set of geometric and
physical rules and the rate of earthquakes is computed using a “grand inversion” of the
seismological, geological, paleoseismological and geodetic data available in California. The
regional Gutenberg-Richter magnitude-frequency distribution of earthquakes in California and
the geodetic deformation rate are used as a target for the total earthquake rupture forecast in
each deformation model. However, this approach is possible only where a large amount of data
is available.

Actually, for many fault networks, only sparse seismological and geodetic data are available
and the geological record is often the most detailed source of information concerning the faults’
activity. Furthermore, nature has already shown to us that FtF rules should be considered with
caution, as testified by the very complex coseismic ruptures observed during the 2012 Mw 8.6
Sumatra offshore earthquake ([10]), the 2010 Mw 7.1 Dartfield/Christchurch earthquake ([11]),
the Mw 6.5 2016 ([12]) earthquake in central Italy, and the 2016 Mw 7.8 Kaikoura earthquake
([13]). In order to develop a methodology that allows building seismic hazard models controlled
by geologic/geodetic estimated fault slip rates, [14] proposed a novel methodology that,
similarly to UCERF-3, considers FtF ruptures as an aleatory uncertainty but without relying on
a grand inversion. Rates of earthquakes on faults are then computed following two constraints:
the magnitude-frequency distribution (MFD) of earthquakes in the fault system as a whole must
follow an imposed shape and the rate of earthquakes on each fault is determined by the specific
slip-rate of each segment depending on the possible FtF ruptures each segment is involved in.
In their methodology, FtF ruptures follow a rule to be specified by the user. Therefore, the main
assumptions of their method are (i) the set of rupture scenarios as a list of the possible FtF
ruptures in the fault model (several lists of FtF can be explored as different branches of a logic
tree) and (ii) the shape of the regional MFD target.

The initial work of [14] raised discussion in the framework of the European Seismological
Commission  Fault2SHA  Working  Group  activities (hereinafter = Fault2SHA,
https://fault2sha.net), aimed at sharing ideas and comparing methods in order to improve fault-
based PSHA through interaction with earthquake geologists, seismologists and geodesists. The
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fruitful discussions led to the development of two additional alternative approaches to model
FtF rupture and to estimate long-term rates of occurrence of earthquakes along faults.

In this paper we compare PSHA results based on these three approaches developed within the
Fault2SHA using the geometries and slip rates provided in an available seismogenic source
database (DISS 3.2.0, http://diss.rm.ingv.it/diss/, DISS hereinafter) for the faults of the
Montello fault system (northeast of Italy) and assuming a specified maximum magnitude and
seismic moment rate. We also compared the above approaches with a strictly-segmented
approach, using data of the individual seismogenic sources listed in the DISS, and with a model
based on a simple assumption in which we assumed an average slip rate along a composite
seismogenic source. The aim of these comparisons is to show how PSHA is affected along the
fault when we include slip rate variability along the strike of an investigated fault. The two
approaches here proposed (namely, SUNFiSH and FRESH), and the published SHERIFS
method ([14]), even if based on different assumptions, all aim to evaluate the long-term rate of
occurrences of earthquake ruptures. It is worth noting that the aim here is to understand the
differences in the three approaches and how the assumptions impact the PSHA results.

2. The test case area — the regional context

The chosen area where we carried out a PSHA methodological comparison is located in the NE
of Italy, in the Veneto-Friuli Alpine region, between the Italian-Slovenian border to the east
and the Lessini mountains to the west (Fig. 1). This area is characterized by the presence of
WSW-ENE to WNW-ESE trending low-angle thrusts also known as Eastern South-alpine
Chain (ESC), a SSE verging thrust belt ([15]; [16], [17]). As testified by historical and
instrumental seismicity, and by geodetic studies that estimate N—S shortening rates on the order
of 2 mm/yr (e.g. [18] in the epicentral area of the 1976 Friuli earthquake sequence, mainshock
Mw 6.5), this area is still seismically active. During the last ~ 700 years, this sector has been
struck by several moderate to large earthquakes as reported in the Parametric Catalogue of
Italian Earthquake 2015 (CPTI15, [19]). Eight earthquakes of Mw higher or equal 6.0 occurred
in this time window: 1511-03-26 (Mw 6.3; Io IX); 1695-02-25 (Mw 6 .4; Io X); 1794-06-07
(Mw 6; Io VIII-IX); 1928-03-27 (Mw 6 IX); 1936-10-18 (Mw 6.1; Io IX); 1976-05-06 (Mw
6.5; Io IX-X); 1976-09-15 (Mw 6; VIII-IX) as well as numerous earthquakes with magnitude
between 5 and 6, both historical and instrumental. As suggested by the fault plane solutions of
instrumental earthquakes and by the 1976 seismic sequence, the seismic activity of the case
study area is almost totally controlled by the compressional sources still active today ([20];
[21]). These sources are fully described in the DISS. Based on structural and geomorphological
observations and by the association of the distribution of the intensity data points of the strong
historical earthquakes with source geometry and position, the DISS proposed a segmentation
of the external front of the ESC (Fig. 1). However, in this area, the identification of individual
seismogenic sources is not an easy task due to the structural configuration of the thrust belt, the
low strain rates and the low-angle thrusts that do not reach the surface. Given the uncertainties
in the input data concerning the actual segmentation, it is important to provide an un-segmented
fault approach to go beyond the segmentation issue, in regions affected by similar uncertainties
as the ones described above.
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FIG. 1. la) Location map of Figure 1b, with the composite seismogenic sources available in the DISS.
1b) Main thrust and seismogenic sources in the testing area: individual and composite seismogenic
sources used or not-used to model the fault system geometry, basing on the DISS. c) parameters of the
individual seismogenic sources used to model the fault system geometry: Name is the identification
code; Length is length long strike (km); Dip is the dip angle; USD is the upper seismogenic depth (km);
LSD is the lower seismogenic depth (km); SRmin and SRmax are, respectively, the lowest and the highest
value of the range of slip rate (mm/yr). All these data are from DISS.

2.1 The test case area - Input data

Four composite seismogenic sources (CSS) published in the DISS are considered in this paper:
ITCS007, ITCS060, ITCS062 and ITCS066 (Fig. 1). All CSSs are characterised by a thrust
tectonic regime. In the DISS approach, a CSS represents a crustal seismogenic source zone
containing an unspecified number of seismogenic sources that cannot be singled out ([22]), to
which a slip rate (with uncertainty), a maximum magnitude (Mmax), and other geometric and
kinematic parameters are associated by expert opinion.

Based on the geometry and slip rate information available in DISS (Fig. 1), we defined
geometrical and kinematic parameters that serve as common inputs to the 3 multi-fault rupture
approaches:

- fault trace and length along strike (~180 km) is the same for all the approaches;

- the dip angle varies along the strike of the fault system; each approach has a procedure
to treat this variability (details in section 3);

- upper seismogenic depth is 1 km for all the approaches;

- lower seismogenic depth varies between 7 km and 9 km; each approach has a procedure
to treat this variability (details in section 3);

- rake is the same for the 3 approaches (the kinematics is pure thrusting);
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- Mmax is the same for all the approaches;

- slip rate inputs are the same for all the approaches, but each approach has a procedure
to convert slip rates into activity rates;

- aregional b-value is the same for the 3 approaches;
- total seismic moment rate is the same for the 3 approaches.

Fault trace, dip angles, upper and lower seismogenic depths and rake are derived from the DISS;
in the following, we illustrate the procedure followed to define Mmax, slip rates, b-value and
total seismic moment rate.

The starting point for defining slip rates were the values listed in the DISS (Fig. 1), associated
with the individual seismogenic sources. Specifically, in the DISS, these slip rates were derived
from throw rates calculated using the depth of the base of Quaternary (i.e. Calabrian 2 Ma)
recognized in the foot-walls of the thrust, ([17]), considering a mean dip angle of the faults, and
from geodynamic constraints like GPS deformation velocities where geological and
geomorphological data were not available (details in [23]). For each individual seismogenic
source, we computed a mean of the range given in Fig. 1, this means is representative of the
slip rate along the strike of that individual seismogenic source. Successively, slip rates of the
individual seismogenic sources were interpolated to define a profile of slip rate along the strike
of the fault system. Individual slip rates and profile are shown in Fig. 2a. The profile of slip rate
is the input for the 3 approaches (SUNFiSH and FRESH) here proposed as well as for
SHERIFS. In this study, we also compared these three un-segmented approaches with a strictly-
segmented approach, which used data of the individual seismogenic sources listed in the DISS,
and with a model based on a simple assumption in which we assumed an average slip rate along
a composite seismogenic source.

Details on the procedures to convert slip rates into activity rates, as well as on how the input
data (slip rate of individual seismogenic sources and profile) was used, are given in the
following sections.

To calculate the b-value of the MFD, we applied the maximum-likelihood method of [24] to
the historical earthquake of the CPTI15, with the magnitude completeness intervals evaluated
by [25]. We obtained a b-value equal to 0.99, that served as input for computing MFD
considered by the 3 approaches either for the individual ruptures (SUNISH/FRESH) or for the
region as a whole (SHERIFS).

To evaluate the maximum magnitude, we applied a regression relationship based on the concept
of aspect ratio, i.e. the ratio between down-dip width and along-strike length, and from scaling
relationship between subsurface total length and moment magnitude ([26]). The used aspect
ratio relationship ([27]) allows determining the maximum possible rupture length (Lar: Length
from Aspect Ratio) in a source of well-constrained seismogenic thickness. In this case,
assuming a value of seismogenic thickness of ~7 km, a dip angle of 30° and applying the aspect
ratio relationship in [27]:

Lar =-2.3725 + 1.9354 - (sin(dip angle) - seismogenic thickness) (D)

we obtained a Lar of ~ 24 km. Then, by applying scaling relationship between rupture length
at depth and Mw [26], we computed a maximum magnitude of Mw 6.5. This Mmax value is
considered as the maximum possible rupture scenario that can occur on this fault system.
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Lastly, we determined a target value for the moment rate (M,,), to be used as a common data
for the 3 methods. The seismic moment rate was directly calculated in SHERIFS from the slip-
rate, the area and the shear modulus of the faults. This moment rate value of 3.29E+16 Nmyr"
calculated by SHERIFS was then used as input for SUNFiSH and FRESH. As a matter of fact,
having unique b-value, Mmax and seismic moment rate, differences in the resulting PSHA only
depend on the procedures to determine the activity rates.

3. New approaches to evaluate long-term rate of every possible earthquake rupture.

This paper presents two new objective and reproducible methodologies able to include FtF and
slip rate variability along strike (and possibly with depth) of a fault, or of a fault system, into
the modelling of earthquake occurrences. Integrating geo-morphological data, geodesy and
historical and paleo-seismological data, the likely rupture history of the fault over a long period,
including more than a seismic cycle, could be determined. Reconstructing the seismic cycle and
the possible time-and-space variations of earthquake occurrences along a fault system is ideal
for a better evaluation of PSHA, however this is actually possible only for a few case studies
(e.g., [28]; [29], 2010; [30]) or with numerical simulations (e.g., [31]; [32]; [33]). Instead, it is
worth noting that, often, slip rate along faults are extrapolated from a few measurements along
a fault system, and where these measurements are derived by paleoseismological data, can be
representative only of a limited earthquake history related to a few large events. To better
illustrate this concept, and show how to manage such fault data for PSHA purposes, we applied
both methods to the thrust fault system located in north-east of Italy previously described.
Results from these two approaches were compared with a published FtF method (SHERIFS by
[14]) and with two new approaches using a strictly-segmented and an un-segmented-uniform-
slip rate approach. The three approaches are described in the following sections. It is important
to note that both methodologies here presented, as well as the SHERIFS approach used for
comparison, are extensible to a potentially more complex network of faults, however, to
exemplify the methodologies, we used only the geometries and parameters of the 7 sources
highlighted in Figure 1.

3.1 SUNFiSH: a sub-sectioning approach

The method described in this section allows solving for the long-term rate of every possible
earthquake rupture, above a threshold magnitude, on a fault system. With this method,
hereinafter called SUNFiSH (SUbsectioNs of Fault in Seismic Hazard), we subdivide the entire
length of the fault system into n equal-length subsections (Fig. 2a). Following the rules
proposed in UCERF3 ([9]), the length of each subsection is about half of the down-dip width,
and the minimum rupture length is approximately equal to the seismogenic thickness (a rupture
must contain at least two adjacent subsections). A rupture can only jump to a neighbour
subsection. If the minimum rupture length is given by the seismogenic thickness, the maximum
rupture length is given by the maximum magnitude of 6.5 (previously described in section 2)
that means a ~ 24 km rupture surface length which in turn means that the maximum rupture
length must contain at most 7 adjacent subsections. In the test case, SUNFiSH accounted for
ruptures that involved from 2 to 7 adjacent subsections, that yielded 291 possible combinations
(ruptures), summarized in Table 1.
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number of
number of possible
subsections K Length (km) Mmax
scenarios
involved

2 51 7 58
3 50 10.5 6.0
4 49 14 62
5 48 17.5 6.3
6 47 21 6.4
7 46 245 6.5

TAB. 1. Number of sub-sections and number of possible scenarios, Mmax and length along strike
modelled by SUNFiSH

The second step is to assign to each rupture a slip-rate value, to this aim SUNFiSH uses a slip
rate profile, and computes an average slip rate for the ith rupture (Vi) by means of the mean
value theorem for integrals:

Vi=——["f(t)dt @)

where f{t) is the function that interpolates the slip rate profile, and b and a are the tips of the ith
rupture (Fig. 2a). The theorem states that a continuous function on a closed, bounded interval
has at least one point where it is equal to its average value on the interval. In SUNFiSH, the
continuous function is given by the interpolation of the slip rate profile (Fig. 2a, b) and the
values of the closed and bounded interval are the slip rate values at the tips of a given rupture.

SUNFiSH attributes to each subsection the dip angle and seismogenic thickness of the closest
fault, starting from the fault system given in Figure 1c. Then to evaluate the dip angle and
seismogenic thickness of each rupture, SUNFiSH computes average values of the subsections’
parameters involved in the rupture. Future implementations will include complex fault
geometries at depth as well.

Once each rupture is characterized in terms of length, dip angle, seismogenic thickness and slip
rate, SUNFiSH requires calculating a budget of seismic moment rate for each rupture.
According to [34], the budget of seismic moment rate allowed by each rupture is given by the
seismic moment of the Mmax divided by the mean recurrence time of the Mmax. In this case,
Mmax is the maximum magnitude of each rupture, and it is worth noting that it is lower or
equal to the Mmax evaluated for the fault system (Mw 6.5); values of Mmax of the ruptures,
given the number of subsections involved in a rupture, are listed in Table 1. To evaluate the
Mmax of each rupture, we relied on the FISH tool (http://fish-code.com) which computes
normal probability density functions for three Mmax estimates: an Mmax based on the
calculated scalar seismic moment (Mo) and the application of standard formula [35] formula,
with a standard deviation of 0.3 ([34]) and two Mmax magnitudes and associated standard
deviations estimates by applying [26] empirical relationships for the maximum subsurface
rupture length and maximum ruptured area. An Mmax and the associated standard deviation
are obtained (Table 1) by summing these 3 probability density functions.
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The budget of seismic moment rate for each ith rupture was obtained by:

Myi = puLiWiVi 3)

Where Li and Wi are, respectively, the length along strike and along the dip of the ith rupture,
u is the shear modulus and Vi is the average slip rate (eq. 1) of the ith rupture. The seismic
moment rate of the ith rupture (eq. 3) is then scaled by:

Mo¢
X Moi

Mys, = My; * 4)

where Mo; is the annual seismic moment rate of the ith rupture, and M,, is the annual seismic
moment rate target, the latter defined in section 2.

Finally, we calculated the MFDs for each rupture. To compute the seismic activity rates, we
assumed a classical Gutenberg-Richter model (GR), and the rates of expected seismicity (Fig.
2¢) for each rupture are determined as follows:

logioNary = a — bM withM, < M < M0y (5)

where N(M) is the number of earthquakes with a magnitude greater than or equal to the lower
threshold magnitude of the distribution (Mt) and less than or equal to the Mmax of each rupture
(Table 1), b was assumed equal to 0.99 (see section 2), and a is the logarithm of the number of
earthquakes with M >= 0. Mt was chosen equal to 5.5 because this is a threshold of the
geological detection of the causative faults of these intermediate size earthquakes (e.g. [36]).
The a value is computed for each rupture balancing the total expected annual seismic moment
rate with the M,,, obtained with equation 4 (Fig 2¢). The impact on seismic hazard due to the
use of various shapes of the MFD is beyond the scope of this paper.
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FIG. 2. SUNFiSH approach. 2a) sketch of a fault plane to illustrate sub-sections and some of
the possible rupture- scenarios at the minimum of the maximum magnitudes (two of the possible
scenarios are marked as “A” and “B”, with 2 sub-sections). To each scenario, an average slip
rate is assigned. The maximum magnitude of each scenario is Mmaxl.2b) same fault plane and
sub-sections as in 2a, to illustrate scenarios involving 3 sub-sections (two of the possible
scenarios are marked as “A” and “B”, with 3 sub-sections). To each scenario, an average slip
rate is assigned. The maximum magnitude of each scenario is Mmax2.2c) MFDs of the possible
rupture- scenario. For each scenario an MFD is imposed. The seismic moment rate obtained
by the sum of all MFD is imposed to be equal to the regional target seismic moment rate

3.2 FRESH: a floating-rupture approach
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FRESH (Floating-Rupture for Seismic Hazard) was designed to solve for the long-term rate of
every possible earthquake rupture (above a threshold magnitude, Mw 5.5 in this test case) on a
fault or fault system. The first step is the definition of the fault source in terms of a fault trace
and geometry at depth and upper and lower seismogenic depths. Adopting the approach used
in OpenQuake to model complex faults ([37]), we defined a sequence of fault edges (longitude,
latitude and depth) to model irregular fault planes, for instance, fault with a variation of dip and
seismogenic thickness. Secondly, we defined a mesh to sample the fault plane (Fig. 3a),
specifically the level of discretization of the mesh representing faults. This mesh is used to
discretize the ruptures. We generated ruptures for each expected magnitude according to a
magnitude—area scaling relationship ([26]), with an aspect ratio value (set to 1 in this test case),
and placed them on all possible locations on the fault surface (Fig. 3a, b). Ruptures with a
surface lower than the whole fault surface are floated so as to cover as homogeneously as
possible the fault surface (Fig. 3a, b). In particular, for the test case illustrated in this work, we
adopted a mesh grid size of 3.5 km, resulting in a total number of 1367 possible ruptures with
a magnitude ranging from Mw 5.5 to Mw 6.5.

In this study, we consider all ruptures in the same way, whereby a value of slip rate given by
the integral mean of the slip rate profile between two endpoints of the rupture (points a and b
in Fig. 3a, b) is assigned (see Eq. 2). Potentially the code allows a slip function that may vary
with depth, limiting surface slip rate profiles to ruptures with upper boundaries corresponding
to the top of the fault source (ruptures indicated by [1, 1] to [1, n] in Fig. 3a, b). For ruptures
that do not reach the top of the fault source, a different slip profile than that deduced from
surface data may be imposed.

FRESH requires to define an aseismic factor distribution along strike and dip of the fault
system, to account, for locked and unlocked portions of the investigated fault system (Fig. 3c).
In this study, we used an aseismic (or creeping factor) equal to zero (all the slip is seismically
released) uniformly distributed along strike and depth of the fault system. As for the slip rate,
to each sub-set of ruptures, a value of aseismic factor given by the integral mean of the aseismic
factor profile between two endpoints of the rupture (points a and b in Fig. ¢) was assigned.

The next step is to calculate the product of the slip rate and aseismic factors at each rupture.
Successively, this product is normalized to obtain a coefficient representative of the earthquake
productivity of each rupture. For example, given a set of ruptures with magnitude m 1/, with slip
rates sr; and aseismic factors cf;, we compute a coefficient representative of the long-term rate
of each rupture (ki). Ki is normalized by the sum of the k of all the possible ruptures (1 to n)
with magnitude m1:

_ (sricfy)
K; = Y(srjcfj) (6)

The last step of this approach is to link the coefficients k; to the target annual rate of occurrence
(Fig. 3d). Starting from the target seismic moment rate, b and Mmax defined in section 2, and
assuming a truncated-GR MFD, we compute the annual rate of occurrence for magnitudes
greater or equal than the threshold Mw 5.5. To solve for the long-term rate of earthquakes for
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the ith rupture (Rup) of a certain magnitude (for example m1/), we multiply the coefficient k; by
the corresponding annual rate for that magnitude bin (m1):
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Rup, = k;m1 (7
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FIG. 3. FRESH approach. 3a) sketch of a fault plane to illustrate the mesh grid, the floating
ruptures and some of the possible ruptures at the minimum magnitude (ruptures marked with
“A”, “B”, “C” and “D”). The magnitude of each rupture is Mw0. To each rupture, an average
slip rate is assigned. 3b) same fault plane as in 3a, to illustrate ruptures with magnitude higher
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than Mw0. The maximum magnitude of each scenario is Mwl1. To each rupture, an average slip
rate is assigned. 3c) Aseismic factor variations along strike and dip of the fault plane can be
modelled by FRESH. In this study we used an aseismic factor equal to 0. 3d) A regional MFD
is imposed. The sum of the rates of occurrence of each rupture is equal to the regional target
MFD.

3.3 SHERIFS

SHERIFS (Seismic Hazard and Earthquake Rate In Fault Systems) is an open-source python
code to build hazard models allowing earthquake ruptures involving several fault sections (or
Fault-to-Fault FtF ruptures). SHERIFS contains tools to calculate the annual rate of FtF ruptures
and background seismicity rate as well as to set up and to weight the logic tree exploring a wide
range of epistemic uncertainties.

SHERIFS applies the methodology presented in [14] to calculate the annual rates of earthquake
on faults, which are computed following two constraints: the magnitude frequency distribution
(MFD) of earthquakes in the fault system as a whole must follow an imposed shape and the rate
of earthquakes on each fault is determined by the specific slip-rate of each section depending
on the possible FtF ruptures. In the SHERIFS methodology, the shape of the MFD of each
individual faults is not imposed and can differ from the shape of the MFD of the entire system.
Relaxing the MFD shape at the section level allows respecting the slip-rate measured locally
on the fault section. In order to comply with the MFD shape imposed for a fault system,
SHERIFS may require to consider part of the fault slip-rate as aseismic. In the FRESH and
SUNFiSH methodologies, an alternative choice is made whereby the slip rate is averaged over
several sections for the larger ruptures in order to maintain the imposed regional (in FRESH)
and scenario (in SUNFiSH) MFD shape.

Once geometries, slip-rate of the faults, possible FtF scenarios in the model and the shape of
the regional MFD target are set, SHERIFS converts the slip-rate budget of each fault in
earthquake rates following an iterative process that randomly selects different rupture scenarios.
Rupture scenarios may be composed of both single fault and complex fault ruptures. The
absolute value of the target MFD, unknown at the beginning of the iterative process, can be set
in two ways: (i) once the budget of the faults participating in the larger magnitude earthquake
is exhausted because at that moment the rate of the larger magnitude earthquakes is known, or
(ii) if the iterative process reaches a point where the remaining moment rate in the system is
just sufficient to complete the target shape in the lower magnitude range.

In the present exercise, no background seismicity is considered, thus SHERIFS attempts to
adjust the regional MFD target by converting 100% of the fault geologic slip-rate into seismic
moment rate and therefore earthquake rate. In turns out that in this specific exercise, SHERIFS
did not require to consider parts of the fault slip-rate as aseismic, as in FRESH and SUNFiSH
(note that in this study, FRESH and SUNFiSH considered all the slip is seismically released).
Finally, no epistemic uncertainties were considered in this study. SHERIFS can calculate the
rate of earthquakes for magnitudes starting as low as magnitude 4 but in this exercise, the
minimum magnitude was set at 5.5 in order to be compatible with the other approaches.
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4. Non-FtF approaches

In order to show the impact of multi-fault rupture approaches including slip rate variability
along a fault system, we compared SHERIFS, SUNFiSH and FRESH approaches, with two
standard approaches, respectively a strictly-segmented fault source based on data from the
individual seismogenic sources (ISS) and an un-segmented seismogenic source (USS) with an
average slip rate.

According to [4] and [5], an ISS represents a fault that can break entirely during an earthquake.
The ISS fault source input was built using the seven individual seismogenic sources depicted
in Figure 1, with Mmax and slip rates are given in the table in Figure 1. For each of these fault
sources, we computed a seismic moment rate by using equation 2. This value of seismic
moment rate was then used to compute the activity rates for magnitudes from Mw 5.5 to the
Mmax by assuming a Truncated-GR MFD with b = 0.99. Summing the seismic moment at the
maximum magnitude of the seven fault sources, we obtained a value of 1.95 E+16 Nmyr™.

As regards the USS fault source input, we started with the fault geometry defined in section 2,
assuming an un-segmented fault with a length of ~180km along strike. Earthquake ruptures,
similarly to SHERIFS, SUNFiSH and FRESH, were allowed to float along the whole surface.
However, the main difference is that an average value of slip rate is used for this fault, similarly
to the recent fault-based PSH models for Europe and Middle East ([38]; [39]). The total seismic
moment rate was computed to be 3.29 E+16 Nmyr™. This value of seismic moment rate was
used to compute the activity rates for magnitudes from Mw 5.5 to the Mmax Mw 6.5, assuming
a Truncated-GR MFD with b =0.99.

5. Results: Fault modelling for PSHA
5.1 From field data to slip in fault models
Figure 4 describes how slip rates were used by the five approaches.

In Figure 4a slip rates of the ISSs are plotted against the along-strike distance of the fault
system. Along with the individuals slip rates, an interpolated slip rate profile is also shown.
Starting from this interpolated slip rate profile, we compute an average (integral mean) slip rate,
that is then used as input for the USS model (Fig. 4b).

The interpolated slip rate profile represents a common input for SHERIFS, SUNFiSH and
FRESH, however, because the three approaches model slip rates differently (Figures from 4c
to 4i) the interpolated slip rate profile is plotted along with the slip rates actually used by
SHERIFS, SUNFiSH and FRESH to model rates of occurrences of earthquake ruptures.

For SHERIFS (Fig. 4c) each dot represents the slip rate of each scenario, the slip rate was taken
as the value corresponding to the profile shown in Figure 3b in the centre of each scenario.

FRESH and SUNFiSH computed an integral mean of the slip rate for each rupture, starting
from the interpolated slip rate profile included between the ends of the rupture. Because
SUNFiSH used consecutive sections to model earthquake rupture from 5.5 to the maximum
magnitude allowed by fault area, in Figures 3d, 3f and 3h we plotted the slip rate interpolated
profile along with the average slip rate of the ruptures involving, respectively, 2, 4 and 7
sections.
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FRESH is based on floating ruptures, whose area is derived from the magnitude. Slip rates of
ruptures with Mw 5.5, 6.0 and 6.5 are plotted in Figures 4e, 4g and 4i.
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As regards FRESH and SUNFiSH, it is important to note that the larger is the rupture, the
smoother is the slip rate, however, all three approaches allow to reproduce the slip rate
variability along strike, and consequently model variations of rates of occurrence of earthquake
ruptures along the fault system, within a relaxed-segmentation framework. Conversely, with
ISS and USS approaches, the slip rate variability or the un-segmented (floated ruptures along
the whole fault system) were mutually exclusive.
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FIG. 4. Slip rates. 4a) Slip rates from the ISS (grey rectangle), used in the ISS approach, and
interpolated profile (red dashed line, the same in 4b-4i). 4b) Slip rate used in the USS approach. 4c)
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SHERIFS: circle are the slip rates assigned to each scenario. 4d), 4f) and 4h) SUNFiSH slip rate
calculated for each scenario (horizontal black lines), involving respectively, 2 (scenarios with the
minimum number of sub-sections), 4 and 7 (scenarios with the maximum allowed number of sub-sections
in this study). 4e), 4g) and 4i) FRESH slip rate calculated for each scenario (horizontal black lines),
with ruptures of magnitude respectively, 5.5 (minimum magnitude in this study), 6.0 and 6.5 (maximum
magnitude in this study).

5.2 From slip in fault models to frequency-magnitude distributions

Figure 5 shows MFD modelled by the 3 approaches. While the approaches show different
magnitude-frequency distributions in the five sub-regions (and in the total MFD), it is important
to note that they have the same amount of seismic moment rate of 3.29¢+16 Nmyr"' More in

detail, in Figure 4, shows the cumulative rate of occurrence of possible ruptures, in the range
of Mw from 5.5 t0 6.5.

With FRESH, the shape of the MFD is defined at the fault system level and the approach allows
to preserve this shape at the level of single sections: each rupture has a magnitude-rate pair, and
the sum of the rates ensure the preservation of the input MFD at the fault system and section
levels.

With the SUNFiSH approach, the MFD is defined at the level of sections: each combination of
sub-sections has an MFD (in this case we used a classical GR), with a b value defined at the
fault system level, and Mmax given by the number of sub-sections involved. Summing rates of
sub-sections in a region or along the whole fault system does not ensure to preserve a target
GR, only the total seismic moment rate is preserved.

With SHERIFS the MFD is defined at the fault system level in terms of b value, the Mmax is a
result of combinations of sections imposed to rupture together. SHERIFS does not seek to
preserve the shape of the regional MFD at the fault section level, as it depends on the aleatoric
variability of modelled rupture occurrence.
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6 Discussions: From FMD to seismic hazard.

The resulting impact in terms of PSHA is shown in Figure 6 for peak ground accelerations
(PGA) with 10% and 2% of probability of exceedance in 50 years computed with a ground
motion prediction equation proposed by [40].

Not surprisingly, the main difference in PSHA among the 5 models is between the USS and the
other four approaches. The use of an un-segmented fault data, with an average and unique slip
rate, implies a uniform PGA distribution along the strike of the fault, with a maximum PGA
value of ~0.35g and ~0.75¢g for the probability of exceedance of 10% and 2% in 50 years,
respectively.

PGA(g), PGA(g),
probability of exceedance 10% in S0years probability of exceedance 2% in 50years
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FIG.6. Maps of PGA (g) with the probability of exceedance of 10% (left column) and 2% (right column)
in 50 years. In the bottom: fault trace with slip rate data (from the interpolated profile in fig. 4) and the
trace of the profile used in figure 6. The 5 sub-regions discussed in the text are shown.
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The resulting PGA from ISS, SUNFiSH, SHERIFS and FRESH, on the other hand, show
progressively higher values from the southwestern tip to the central-southeastern parts of the
fault, that lead to the highest hazard levels. The PGA gradually diminishes towards the
northeastern parts of the fault; a second area of relatively high PGA is observed in the
northeastern part of the fault. Such a spatial pattern is observed for both probabilities of
exceedance shown in Figure 6.

The effect of the segmentation is also shown in Figure 6, comparing hazard maps obtained from
ISS with the others. In this case, the segmented model sub-region three and sub-region four
show PGA values higher than the surrounding areas, in a spotted-pattern quite different from
the un-segmented models. However, the ISS segmented model has some zero chance of
observing a rupture, where the sources have not been identified along the fault system, leading
to the segmented model being lower than the un-segmented model in three out of four cases
(SUNFiSH, SHERIFS and FRESH), but in some areas higher than the USS.

To better understand the effects of segmentations vs multi-fault rupture models, we computed
PGA profiles of the resulting PGA maps (Fig. 7), along a trace parallel to the top edge of the
fault system at 1 km of distance from the top edge in the hanging-wall. As the USS, SUNFiSH,
SHERIFS and FRESH models include a higher number of earthquake ruptures, continuously
distributed along the fault system, it might intuitively suggest higher seismic moment rate, and
in turns higher seismic hazard, than the ISS. In Figures 6 and 7, we show that the hazards
derived from these un-segmented models are in fact generally higher with respect to the ISS
values throughout the profile. In particular, in the region of maxima PGA, ISS returns PGA
lower than FRESH, SUNFiSH and SHERIFS ones, in a range from ~5% up to ~37%. In the
area of the minima PGA, ISS returns values lower than the FRESH, SUNFiSH and SHERIFS
ones in a range from ~5% up to ~100%. The easternmost and westernmost ends of the sub-
regions 1 and 5 are the areas where all the models are more in agreement, whereas the central
part of the profile, and in particular in the sub-regions 3 and 4, the models show the highest
differences. In these sub-regions, in fact, the USS shows an almost uniform PGA of ~0.35g,
whereas, SUNFiSH, SHERIFS and FRESH indicate PGA values between ~0.45g and ~0.6g
(~28% - ~70% difference) in sub-region 3, and PGA lower than the values obtained by the USS
in the central-to-eastern part of sub-regions 4. Differences in PGA among FRESH, SUNFiSH
and SHERIFS are generally lower than 30%, ~35% in the subregion3. It is worth noting that
such differences depend on the probability of exceedance and on the ground motion predictive
equation used. The aim of FRESH, SUNFiSH and SHERIFS is to model variation of slip rate
and include FtF ruptures. As shown in Figures 6 and 7, the comparison with “strictly-
segmented” or “un-segmented” approaches is not straightforward: increase or decrease in the
hazard levels are not systematic. However FRESH, SUNFiSH and SHERIFS allow to draw
patterns of seismic hazard which closely reflect the slip rate data provided by geologist. In
particular, in Figure 6, slip rate variations along strike (slip rate profile in Fig. 4a) is shown
along the trace of the fault. The first highest absolute differences in the expected PGA results
(sub-region 3) between the multi-fault ruptures group of models and USS and ISS coincide with
an area where the highest slip rates have been estimated, the second highest one (sub-region 4)
is where the faults have the slowest slip rate estimates. In cases like this one, where fault slip
rates were locally evaluated along a complex fault system, we consider it appropriate to apply
multi-fault rupture models and possibly avoid uniform slip rate model. It is clear that multi-
fault procedure requires a high level of knowledge and expertise in active tectonics, but
averaging slip rates or building independent and strictly segmented models do not adequately
reproduce available (and independent) data. This should be considered as a critical aspect when
using fault-based models for PSHA.
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FIG. 7.Profiles of PGA (g) with the probability of exceedance of 10% in 50 years. The 5 sub-regions
discussed in the text are shown.

The effect of modelling multiple-ruptures is shown in Figure 8, comparing the seismic moment
rate distribution and earthquake rates-frequency distributions in the five sub-regions for the
three models SUNFiSH, SHERIFS and FRESH. To build these distributions, we extracted rates
and magnitudes of the ruptures completely included in the regions, and, for ruptures crossing
boundaries of the sub-regions, we computed the amount of earthquake rates proportionally to
the length of ruptures included in a sub-region. In terms of seismic moment rate distributions,
in sub-regions 1 and 2, the differences are mainly at the highest magnitudes, which do not
contribute much to the hazard levels computed here, having considered the 10% and 2% of
probability of exceedance. The same pattern was observed for sub-region 5. Sub-regions 3 and
4 show the most interesting feature concerning the comparison between the resulting PGA and
seismic moment rate distributions. In sub-region 3, SHERIFS methodology is computing the
highest seismic moment rates, except for two magnitude bins at 5.8 and 6.0, where SUNFiSH
has the highest values. In terms of PGA (profile in Fig. 6) in sub-region 3, the highest values
are given by the SHERIFS methodology, the lowest by FRESH. In sub-region 4, the model
returning the highest PGA is SUNFiSH, whereas the lowest values are from SHERIFS. Looking
at the seismic moment rate distributions in Figure 8, we observe that the SUNFiSH approach
leads to generally higher values compared to FRESH and SHERIFS in the range of magnitude
5.5-5.8 and for magnitude higher than 6.2. The difference between seismic moment rates
distributions and the resulting PGA maps and profiles should be sought for in the modelling
MFD of earthquake ruptures (Fig.5).
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Beyond the PGA evaluated by the used approaches, the aspect that we consider important to
highlight is: a) the USS model does not allow to consider the variability of the geological data,
in this study, for example, the slip rate; b) the ISS model does not go beyond the known
geological data and, therefore, does not allow to model complex ruptures (e.g., FtF), which
would always be “surprising events”; c¢) the FRESH, SUNFiSH and SHERIFS models allow to
consider the variability and complexity of the geological data and to model them to obtain
PSHA estimates anchored to these data. Each of these methods (FRESH, SUNFiSH and
SHERIFS) has advantages and limitations that depend on how it treats the input data (Table 2).
The choice of one of the three methods could depend on the level of knowledge of the geology
and tectonics of the study area. For example, having few spotted evidences of individual faults
in a region, SHERIFS allows to use them as input and model multi-fault ruptures without
extrapolating or interpreting data. On the contrary, in areas where long fault system, as for
example a thrust front along a chain, without evidence of fault bends and ends, FRESH and
SUNFiSH could allow to solve for possible multi-fault ruptures. In principle, there are no
indications to prefer one model or another, and a weighted approach to combine them should
be preferred.
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Moment rate in the fault system;
MEFD for the fault system;
Define floating ruptures by
OpenQpake; rupture  area Moment rate in the fault system; .
proportional to magnitude; For each possible rupture scenario Moment rate in the fault system;
compute normalized coefficients of dp > Tup " d Compute activity rates for each
activity rates for each rupture averaged properties (slip rate an¢ | pnlt in the system based on their
Input data + . X geometries) for that fault section | . ©. . 7
based on its averaged slip rate . . individual slip rates and the set
Procedure . . are considered to compute activity e
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compute activity rate for each £ L in the system following imposed
2o ollowing imposed MFD for each .
rupture by multiplying rate of the fault section MFD in the fault system.
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normalized coefficients for each
rupure.
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No limit, but below M5.5 many
Mmin thousands of ruptures have to be No limit. No limit.
managed and procedure may
become cumbersome.
Geometry of faults is averaged
Complex Possible. Ruptures on continuous | depending on faults involved in | Possible - Faults may be
Geometry surface. the rupture scenario disconnected.
(Faults need to be connected).

Shape of tareet | Defined at the fault system level Defined at the section level but | Defined at the fault system level
pMFD & and preserved at the sec)tliou level not preserved at the fault system | but not preserved at the fault
P ) level. section level.

Slip rate Averaged and normal.lzed for each Averaged for sections-rupture Fault section specific .
floated rupture scenario. scenario.
100% seismic (user can define user can define aseismic sections
. o
A variations of slip rates and aseismic | 100% seismic (user can define Inaddition some A’ may be
Aseismic . . L . classed as NMS if initial moment
portion along strike and depth of | aseismic sections). . .
fault) rate cannot fit imposed regional
) target shape.
Epistemic
Uncertainty Outside the code. Outside of the code. Within the code.
exploration

TAB. 2. Synoptic view of FRESH, SUNFiSH and SHERIFS approaches:

modelling of input data

key points of procedures and

Finally, the recent evidences of earthquake occurrence, such as the 2012 Mw 8.6 Sumatra
offshore earthquake, the 2016 Mw 7.8 Kaikoura earthquake, the Mw 6.5 2016 earthquake in
central Italy and the Mw 6.5 2016 in Dartfield/Christchurch, required to question the relevance
of segmenting fault system and, with this study, we started to investigate multi-fault rupture
models. The case studied in this paper used simple assumption on the geometry of the fault
system and the total seismic moment rate, but all three approaches allow to consider more
complex geometries and include seismic moment rates obtained by non-geological data, for
example from seismicity and geodesy, and are therefore useful tools that can be applied in a
wide range of seismotectonic settings.
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7. Conclusions

Our aim was to introduce a new objective and reproducible methodologies for evaluating the
long-term rate of earthquake ruptures on a fault or fault system. The FtF approaches here
presented are extensible to an entire fault system, with any kinematic and tectonic context. The
test case here presented, as an application of the two methods, FRESH and SUNFiSH,
compared with the already published SHERIFS FtF approach, allowed discussing implications
of various assumptions in terms of PSHA. First of all, the question of how slip rate input data,
often scattered along the fault system, can be modelled to define seismic moment rates long
sections of a fault system. A second issue is the importance and the effect of boundaries
constituting endpoints of ruptures, getting to the question of fault segmentation of primary
relevance in the PSHA. As the first point of these approaches is to relax segmentation, the
application of our methodologies requires to shift the paradigm from the individuation of
earthquake rupture-barriers to the characterizations of FtF scenarios in fault systems. Applying
our methodologies to an entire fault system allows capturing a larger number of possible
ruptures than a segmented approach, and the PSHA reflects fault system geometry and slip rate
distribution. However, all these approaches will never overcome the basic rule “trash-in, trash-
out”, especially for faults having little or no slip rate constraints. Future issues that need to be
explored are the sensitivity of results given reasonable alternative values for the input
parameters and choices. Ranking the 3 approaches to find a best, or a more useful, approach, is
out of the scope of this paper: each method has advantages and limitations that depend on how
it treats the input data (Table 2).

Finally, we summarize main results from our study:

a) We can relax segmentation, using FtF ruptures model instead of individuating and
parameterising individual seismogenic sources;

b) we can calculate the long-term rate of every possible earthquake rupture of an un-segmented
fault model;

c) we propose two new approaches and compare them with SHERIFS: a unique input data set
can lead to differences up to 30% in the estimated seismic hazard (here PGA for 10% and 2%
of probability of exceedance in 50 years) due to different assumptions considered in the fault-
to-sha model

d) the 3 approaches allow to better reflect the input data (slip rate, complex geometry) compared
to strictly-segmented or un-segmented models.
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Data and Resources

All data used in this paper came from published sources listed in the references. The
OpenQuake code [37]) is available from www.globalquakemodel.org/og-getting-started.
FRESH, SUNFiSH and SHERIFS are available by request to the authors.
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