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Abstract In regions with slow-moving faults, the incompleteness of earthquake and fault data
complicates the study of seismic hazard. The instrumental and historical seismic catalogs cover a short
period compared with the long-time interval between major events. Paleoseismic evidence allows us

to increase the time frame of actual observations, but data is still scarce and imprecise. Physics-based
earthquake simulations overcome the limitations of actual earthquake catalogs and generate long-term
synthetic seismicity. The RSQSim earthquake simulator used in our study reproduces the earthquake
physical processes based on a 3D fault model that contains the kinematics, the long-term slip rates

and the rate-and-state friction properties of the main seismogenic sources of a region. The application
of earthquake simulations to the Eastern Betic Shear Zone, a slow fault system at southeastern Spain,
allows the compilation of 100 kyr-synthetic catalogs of My > 4.0 events. Multisection earthquakes

and complete ruptures of some faults in this region, preferentially on strike-slip dominant ruptures,

are possible according to our simulations. The largest My > 6.5 events are likely as a result of jumping
ruptures between the Carboneras and the Palomares faults, with recurrence times of < 20,000 years; and
less frequently between the Alhama de Murcia and the Los Tollos faults. A great variability of interevent
times is observed between successive synthetic seismic cycles, in addition to the occurrence of complex
co-ruptures between faults. Consequently, the occurrence of larger earthquakes, even My, > 7.0, cannot be
ruled out, contrasting with the low to moderate magnitudes recorded in the instrumental and historical
earthquake catalog.

1. Introduction

Earthquake hazard forecasting often has to deal with the scarcity of seismicity data, the complexity of fault
segmentation, the uncertainties derived from the characterization of seismogenic sources, the dynamics
of earthquake rupture and the recurrence model used. Instrumental earthquake recordings are available
only since about 1900 and they are not reliable until several decades later. There are a few regions with
representative historical data of large earthquakes for more than 2000 years in Italy (Boschi, 2000), Japan
(Ishibashi, 2004), and China (Liu et al., 2011) that allow acquisition of reliable major earthquake mag-
nitudes and recurrence statistics. In regions with low to moderate seismicity, such as some zones of the
western Mediterranean or intracontinental areas, earthquake hazard estimation is especially challenging
(see e.g., Estay et al., 2016; Gamage & Venkatesan, 2019; Perea & Atakan, 2007). Most of the large, and con-
sequently damaging earthquakes, have recurrence times on the order of hundreds or thousands of years.
Since historical catalogs are often scarce and imprecise, the paleoseismic record provides valuable data
about rare but devastating major events and long-term recurrence times, but these data usually have large
uncertainties (McCalpin, 2009). Often, the slow fault systems, besides generating low seismicity in terms
of frequency, show little geomorphological expression. This makes it difficult to define the segmentation of
fault traces and the parameters relating to their 3D geometry and their kinematics. Fault system geometry
also plays an important role in the stress interactions that control the earthquake ruptures and therefore
magnitude and recurrence statistics (e.g., Dieterich & Richards-Dinger, 2010; Steacy & McCloskey, 1999;
Stirling et al., 1996).
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Table 1
My, 2 6.0 Events in the Eastern Betic Shear Zone Since 1400 AD With the Epicentral Coordinates, Intensity, and Magnitude
Year Epicentral area Lat (°) Long (°) Iys My, +o Evidence of association with a fault section (references)
1482 Orihuela (Alicante) 38.08 —0.92 VIII 6.0 0.8 Onshore BSF (spatial correlation
- Garcia-Mayordomo, 2005)
1487 Almeria 36.83 —2.47 VIII 6.0 0.8 Epicentral location is uncertain
1518 Vera (Almeria) 37.23 —1.87 VIII-IX 6.2 0.8 Southern PF (spatial correlation
- Garcia-Mayordomo et al., 2012)
1522 Alhama de Almeria 36.97 —2.67 VIII-IX 6.5 0.3 Northern CF (Reicherter & Hiibscher, 2007)
1658 Almeria 36.83 —2.47 VIII 6.0 0.8 Epicentral location is uncertain
1673 Orihuela (Alicante) 38.08 —0.92 VIII 6.0 0.6 Onshore BSF (spatial correlation
- Garcia-Mayordomo, 2005)
1674 Lorca (Murcia) 37.68 -1.70 VIII 6.0 0.8 AMTF - Gonar-Lorca section (Martinez-Diaz et al., 2018)
1804 Dalias (Almeria) 36.77 —2.83 VIII-IX 6.4 0.2 Loma del Viento fault (Campo de Dalias)
(Murphy, 2019)
1829 Torrevieja (Alicante) 38.08 —0.68 IX-X 6.6 0.2 Onshore BSF, San Miguel de las Salinas
F. or Torrevieja F. (spatial correlation
- Garcia-Mayordomo et al., 2006)
1910 Adra (Almeria) 36.67 —3.37 VIII 6.1 0.4 Adra Fault (Gracia et al., 2012); minor NW-

SE and N-S faults (Stich et al., 2003;
Rodriguez-Escudero et al., 2014)

Note. Data from the earthquake catalog homogenized in moment magnitude MW (IGN-UPM, 2013). Fault correlations are based on published studies (see
references). BSF: Bajo Segura fault; PF: Palomares fault; CF: Carboneras fault; AMF: Alhama de Murcia fault.

The Eastern Betic Shear Zone (EBSZ; De Larouziere et al., 1988) is a good example of a region with slow-mov-
ing faults and moderate seismicity where the scarcity of data and its uncertainties complicate the study of
seismic cycles. Some of the largest historical earthquakes occurring in the Betic Cordillera (SE Spain) are
related to this active fault system (Stich et al., 2020). Since the fifteenth century, 10 earthquakes with inten-
sity Igms > VIII have been recorded (Table 1), implying possible My, > 6.0 magnitudes (IGN-UPM, 2013).
Regarding the instrumental seismicity, the most damaging event occurring in Spain in the last decade was
the 2011 Lorca earthquake (My 5.1). This earthquake, despite its moderate magnitude, caused 9 fatalities,
around 300 injured people and severe damage to the city of Lorca (Figure 1), highlighting the possible dev-
astating consequences of a major event in a densely populated area such as SE Spain. This recent event has
been related to the activity of the EBSZ and provides valuable insight on rupture behavior (Lépez-Comino
et al., 2012; Martinez-Diaz, Bejar-Pizarro, et al., 2012). Paleoseismological research has provided evidence of
post-Pleistocene paleoearthquakes in some faults of the EBSZ (Table 2) which are inferred to be larger than
My6. In general terms, the time elapsed between these paleoevents with surface ruptures on a specific fault
section ranges from circa one thousand to tens of thousands years. Note that the historical catalog covers a
short period compared with this long time interval between major paleoevents.

The absence of large earthquakes in the instrumental catalog and the lack of information about the possible
rupture behavior hinder the estimation of location, timing, and intensity of ground motions in the seismic
hazard assessments in the EBSZ. Co-rupture of several fault sections and even of different faults, as it has
been observed in some worldwide earthquakes (e.g., 2016 Kaikoura, 2010 Haiti, and 2010 El Mayor-Cu-
capah earthquakes; see Clark et al., 2017; Hayes et al., 2010; Oskin et al., 2012, respectively), is an issue
that raises important questions in the EBSZ. Some paleoseismic evidence of large surface displacements
in the zone support a combined rupture of different segments of the same fault in a single event (Ortufio
et al., 2012). For these joined ruptures to occur, not only stress transfer and kinematic compatibility are
required, but also the sections and faults involved should be close to failure, so that they can generate a
seismic event effectively. Therefore it would be essential to observe the seismicity of a low strain region for
several complete seismic cycles in order to appropriately estimate the likelihood of possible scenarios.
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Figure 1. Seismotectonic setting of the Eastern Betic Shear Zone (EBSZ). Seismicity data from the homogenized earthquake catalog used for recent maps of
seismic hazard of Spain (IGN- UPM, 2013). The arrows represent geodetic velocity trends from GNSS networks (Borque et al., 2019; Echeverria, Khazaradze,
Asensio, Garate, et al., 2013) with Eurasia-fixed reference frame. Fault traces in black are taken from the Quaternary Active Fault Database of Iberia, QAFI v.3
(Garcia-Mayordomo, Insua-Arévalo, et al., 2012). The faults of the EBSZ analyzed in this study are represented with colors according to the mean geological slip
rate estimated (see references in Table 3). These faults are: Carboneras fault (CF), Alhama de Murcia fault (AMF), Palomares fault (PF), Los Tollos fault (LTF),
Carrascoy fault (CAF), and Bajo-Segura fault (BSF). TASZ: Trans-Alboran Shear Zone.

Synthetic seismicity models can overcome the limitations of real earthquake catalogs and reproduce long-
term realistic catalogs from a set of seismic sources. Among these models, the application of physics-based
earthquake simulators (initial concept introduced by Rundle (1988)), have been extended satisfactorily in
the last decades for seismic hazard studies in Greece, New Zealand and California, among others (see e.g.,
Console, Carluccio, et al., 2015; Robinson et al., 2011; Shaw et al., 2018). The earthquake simulation codes
use the physics of stress interactions and frictional properties to reproduce the processes that control the
earthquake nucleation and rupture propagation in order to output a synthetic catalog lasting a fixed time
duration.

In this study, we use the RSQSim earthquake simulator (Richards-Dinger & Dieterich, 2012) to simulate
synthetic seismicity in the EBSZ. The RSQSim simulator is based on a boundary element formulation that
integrates rate- and state-dependent friction (Dieterich, 1978) to calculate the sliding resistance between in-
teracting fault surfaces. We generate a 3D model of the main seismogenic sources of the EBSZ that contains
data related to each fault, such as long-term slip rates and rakes. This is the first attempt to incorporate the
physical processes that control earthquake occurrence, frictional properties, and stress interactions into a
hazard study for this fault system. The application of the earthquake simulator on this fault model results
in synthetic catalogs that span 100 kyr and contain thousands of My > 4.5 events. These catalogs are long
enough for statistical analysis of events and the comparison with some observations of the seismicity data
in the EBSZ. We analyze long-term recurrence between large earthquakes and the characteristics of the
rupture. The analysis of interactions between faults of the system provides us information about maximum
magnitudes, interevent time intervals and rupture behavior in the EBSZ.
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Table 2

Evidence of Paleoearthquakes in the EBSZ, Obtained Through Different Methodologies: Paleoseismic Trenching, Tectonic Geomorphology, Archaeoseismology
Fault section No of paleoevents Date (kyr) Slip per event (error) in meters Comments

AMF-1 >4 <125.0 1.13(0.86-1.40) V Observed in trenches from different sites

(Ortufio et al., 2012; Martinez-Diaz, Masana, &

0.56 (0.35-0.76) S & : !
Ortufio, 2012; Martinez-Diaz et al., 2018).

AMF-2 9%5-8 <26.9 0.45(0.43-0.45) V “From Masana et al. (2004) in El Saltador-

b3 _ 7 <31.0 0.64 (0.16-0.95) D Colmen,ar paleoseismic sites a?d the analysis
of Garcia-Mayordomo (2005). "From
Canora et al. (2016) in La Salud fan.

AMF-3 1 <3.6 0.18 S; 0.07 (0.05-0.08) V Archaeoseismological analysis in La Tira del
Lienzo Bronze Age site (Ferrater et al., 2015).

CF-2 ‘>4 <133.0 1.5(0-3)S “Events since the Mid Pleistocene observed
in Los Trances site (Masana et al., 2018).

>3 <41.5 d ;
Paleoearthquakes and max. slip per event

observed in El Hacho site (Moreno, 2011).

PF-2 2 <200.0 0.95(0.64-1.24) N Analysis of faulted fan surfaces and paleosols by
Roquero et al. (2019).

LTF >2 2.74-2.14 0.46 (0.39-0.54) N Data analysis from paleoseismic trenches
(Insua-Arévalo et al., 2015).

CAF-1 9-11 <30.2 1.19 (1.05-1.23) N Obtained from paleoseismic trenches

(Martin-Banda et al., 2016).

“Note. The slip per event values and the number of paleoearthquakes represent measurements taken at a certain paleoseismic site. See fault sections names in
Table 3. AMF: Alhama de Murcia fault; CF: Carboneras fault; PF: Palomares fault; LTF: Los Tollos fault; CAF: Carrascoy fault. N is net slip; V is vertical slip; S
is strike slip; D is dip-slip.

2. Seismogenic Sources in the Eastern Betic Shear Zone

The EBSZ (Figure 1) is located in the Eastern Betic Cordillera (SE Iberian Peninsula) and constitutes the
Betic onshore prolongation of the Trans-Alboran Shear Zone (De Larouziére et al., 1988). It is an active
deformation zone mainly formed by strike-slip faults, some of which have a reverse slip component to a
greater or lesser extent. The main seismogenic faults of the EBSZ are, from south to north (Figure 1): Car-
boneras fault (CF), Palomares fault (PF), Alhama de Murcia fault (AMF), Los Tollos fault (LTF), Carrascoy
fault (CAF) and Bajo Segura fault (BSF). For references about the research on aforementioned faults, see
Tables 2 and 3, Supporting Information (Table S1) and the Quaternary Active Fault Database of Iberia,
QAFI v.3 (Garcia-Mayordomo, Insua-Arévalo, et al., 2012).

A neotectonic shortening phase started at the end of the Neogene as a result of Eurasia and Africa con-
vergence (Sanz de Galdeano, 1990; Herrero-Barbero et al., 2020, and references therein). Present-day con-
vergence rate is about 4-6 mm/yr in a NW-SE direction based on geodetic and seismological data (see e.g.,
Koulali et al., 2011; Nocquet, 2012; Serpelloni et al., 2007) and the EBSZ seems to be accommodating up to
31% of the total shortening (Masana et al., 2004). Regional GNSS data (Figure 1) suggest a geodetic slip-rate
of 1.5 + 0.3 mm/yr in the middle part of the EBSZ, including AMF and PF zones (Echeverria, Khazaradze,
Asensio, Garate, et al., 2013), whereas in the NE end of the EBSZ, GPS networks record 0.6 = 0.2 mm/yr of
shortening at BSF zone (Borque et al., 2019).

The Eastern Betic Cordillera is characterized by low to moderate instrumental seismicity with typical magni-
tudes of My < 5.5 (Garcia-Mayordomo, Gaspar-Escribano, & Benito, 2007; Rodriguez-Escudero et al., 2014).
In the last decade, the biggest earthquake recorded was the 2011 My, 5.1 Lorca earthquake (Lopez-Comino
et al., 2012), which had an intensity Igys VII and reached a maximum peak acceleration of 0.36 g, resulting
in heavy casualties —9 people died-and significant economic losses. This earthquake has been interpreted
as the result of the AMF activity (Figure 1) by Martinez-Diaz, Bejar-Pizarro, et al. (2012). The instrumental
catalog shows other seismic series of moderate intensity in the EBSZ over the last 50 years: Lorca 1977 (Myw
4.2); Adra 1993-1994 (M 5.0); Bullas 2002 (M 5.0); and La Paca 2005 (My 4.8). These earthquakes have
been associated with small faults located across the shear zone (Rodriguez-Escudero et al., 2014). Even
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Table 3
Input Parameters Assigned to the fault Sections Modeled for the Eastern Betic Shear Zone (EBSZ)

Slip

Fault name Fault section name 1D Rake Deviation rate Deviation

References

Alhama de Murcia Fault (AMF) Goiar-Lorca AMF-1 20 0-40 1.10 0.50-1.70

Lorca-Totana AMEF-2 39 19-59 0.90 0.80-1.00

Totana-Alhama de Murcia AME-3 42 25-58 0.20
Alhama de Murcia-Alcantarilla AMF4 42 25-58 0.20

0.07-0.32
0.07-0.32

Carboneras Fault (CF) Southern Carboneras (offshore) CF-1 10 0-20 1.20 1.10-1.30

Northern Carboneras (offshore-onshore)  CF-2 10 0-20 1.20 1.10-1.30

Palomares Fault (PF) Southern Palomares-Arteal Faults PF-1 -5(0) (-25)-15 0.04 0.01-0.08

Northern Palomares (S® Almenara) PF-2 15 0-35 0.04 0.01-0.08

Northern Palomares-Hinojar Faults PF-3 15 0-35 0.10 0.04-0.16

Los Tollos Fault (LTF) Los Tollos Fault LTF-1 15 0-35 0.16 0.06-0.25

R from slickenlines

measured by Martinez-
Diaz (1998). SR

based on trenches
(Ferrater et al., 2017;
Ortufio et al., 2012)

R from 2011 Lorca

eq.(Martinez-Diaz,
Bejar-Pizarro, et al.,
2012) and structural
analysis by Alonso-
Henar et al. (2020). SR
from trenching and
morphotectonic analysis
(Ferrater et al., 2016;
Ferrater et al., 2017)

Data inferred from AMF-4

SR and R from cross-section

restorations (Herrero-
Barbero et al., 2020).
Min.SR from

Silva et al. (2003).

Data from deflected

submarine channels in
CF-1 (Moreno, 2011)
and onshore fluvial
channels in CF-2
(Moreno et al., 2015).
Max. SR based

on GPS data of
Echeverria et al. (2015)

Data measured by Booth-

Rea et al. (2004),
comparing fluvial
deposits and
paleochannels in PF-1.
R in PF-2 is consistent
with the moment tensor
of a recent My3.6 event
(IGN, 2019)

R is inferred from PF-2

and SR is based on
comparison between
PF-3 and LTF-1

R and SR obtained through

trenching by Insua-
Arévalo et al. (2015).

HERRERO-BARBERO ET AL.

5o0f 25



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB021133

Table 3
Continued

Fault name

Slip

Fault section name 1D Rake Deviation rate Deviation References

Carrascoy Fault (CAF)

Bajo Segura Fault (BSF)

SW Carrascoy-Algezares—Casas Nuevas

NE Carrascoy Fault

Hurchillo BSF-1 90
Benejuzar BSF-2 90
Guardamar BSF-3 90

Bajo Segura Offshore BSF-4 90

CAF-1 90 75-90 0.37 0.29-0.45 R and SR estimated from
trenches by Martin-
Banda et al. (2016). R is
referred to the younger
reverse branch (see

Table S1).

CAF-2 15 5-25 0.85 0.50-1.20 Data from structural
analysis (Martin-
Banda, 2020; Sanz de
Galdeano et al., 1998;

Silva, 1994).

70-110  0.40 0.29-0.51(0.6) SR estimations from
Alfaro et al. (2012)
using stratigraphic
markers and assuming
pure reverse. Note
that GPS data from
Borque et al. (2019)
show 0.6 + 0.2 mm/yr
of shortening for the
entire BSF zone

70-110  0.27 0.20-0.34

70-110  0.20 0.15-0.25

70-110  0.20 0.15-0.25 For R, see seismic profiles
from Alfaro et al. (2012)
and Perea et al. (2012).
SR is inferred from

BSF-3

Note. See Supporting Information (Table S1) for more detailed data about the criteria followed to assign the mean, maximum, and minimum values according
to references. R: rake (°); SR: slip rate (mm/yr).

Rake is defined using the Aki and Richards (1980) convention (right-hand rule). If uncertainties cannot be quantified, a default value of + 20° is used.

though no significantly destructive earthquakes have happened in the Eastern Betics for the last century
(except for 2011 Lorca earthquake), the historical catalog contains very damaging events with intensities
Ievs > VI since the fifteenth century. The 1829 Torrevieja earthquake (Igys IX-X), the 1522 Alhama de Alm-
eria earthquake (Igys VIII-IX) and the 1674 Lorca earthquake (Igys VIID), have seismic sources associated
with sections of the EBSZ (see references in Table 1). It has been estimated that these historical damaging
earthquakes could reach magnitudes My > 6.0 (Table 1; IGN-UPM, 2013). In pre-historic times, evidence of
surface ruptures has allowed the identification and dating of My > 6.0 paleoearthquakes (Table 2) in several
fault sections.

The most recent models of the EBSZ in seismic hazard studies have combined the delimitation of seismo-
genic zones with the dimensions and rates of fault sources (e.g., Garcia-Mayordomo, 2005; Garcia-Mayor-
domo, Gaspar-Escribano, & Benito, 2007; IGN-UPM, 2013; Villamor, 2002), incorporating, for example, the
generation of synthetic frequency-magnitude data from slip rates (Gomez-Novell et al., 2020) and the distri-
bution of the seismic potential between zones and faults using the events of the seismic catalog for certain
periods of completeness (Rivas-Medina et al., 2018). So far, no attempts have been made to also incorporate
the physical processes that control earthquake occurrence in fault systems, the frictional properties and the
stress interactions, as we present in this study to evaluate the seismic potential in the EBSZ.

HERRERO-BARBERO ET AL.

6 of 25



A . .
NI Journal of Geophysical Research: Solid Earth 10.1029/2020JB021133

ADVANCING EARTH
AND SPACE SCIENCE

YAXS 412e6

Depth
)

700000
500000 540000 580000 620000 ’&650000 422046

4.14e+6
Y Axis

520000

560000 600000 640000 680000 720000
X Axis

Figure 2. Three-dimensional model of the main seismogenic faults of the EBSZ and the slip rates assigned.

3. Methodology

To simulate the seismicity of a region by means of synthetic earthquake models, we need three main
components: a geometrical model of seismogenic sources with long-term slip rates, a model of fault rock
frictional properties, and a physics-based simulation code, in our case, the RSQSim earthquake simulator
(Richards-Dinger & Dieterich, 2012).

3.1. 3D Geometrical and Strain Model

We have produced a three-dimensional model of the EBSZ (Figure 2). The model reproduces the geomet-
rical characteristics of the faults both along strike and down-dip. The segmentation of faults in the EBSZ
is generally based on geometry of the fault zone, seismicity, and relief of the hanging wall (see e.g., Alfaro
et al., 2012; Marti et al., 2020; Martinez-Diaz, Masana, & Ortufio, 2012; Moreno et al., 2016). In Table 3,
we show the segmentation model and the slip-rate values based on the review of recent studies that esti-
mate multiple activity parameters (see references in the Table). We simplified the fault sections with several
strands to a single trace representative of its geometry to avoid abrupt boundaries in the model. We con-
sidered seismogenic crustal depths between 8 and 12 km based on seismotectonic studies at Southeastern
Spain (Garcia-Mayordomo, 2005). See Table S1 of Supporting Information for detailed data on fault geom-
etry (dip angle, fault length), criteria followed, methods, ages considered in the estimations and complete
references.

Fault slip rates (Table 3) have been estimated at local sites along the fault system taking into account mul-
tiple methodologies (trenches, geophysics and marker restorations, among others) and the results are ex-
trapolated to the entire fault section. Most of faults in the EBSZ are left-lateral reverse-oblique faults [mean
rake angle < 45° based on the Aki and Richards (1980) convention], except for the reverse BSF (Alfaro
et al., 2012; Taboada et al., 1993) and one of the branches of the CAF (Martin-Banda et al., 2016). Rake
angles (Table 3) are moderately constrained from field data and they can be highly variable for a single fault
(Kearse et al., 2019). The rake value, together with the slip rate, is essential in our fault model because each
fault element will be initially allowed to slip only in its assigned rake direction (Richards-Dinger & Dieter-
ich, 2012). For this reason, we have assessed the reliability of the input parameters of Table 3 using similar
methodologies to Garcia-Mayordomo, Martin-Banda, et al. (2017) and Litchfield et al. (2013) for rating the
quality of the data. Our qualitative classification of data is shown in Tables S2 and S3 of the Supporting
Information.

RSQSim considers a system of faults as multiple boundary elements embedded in a homogeneous half-
space. We developed meshes with triangular elements at a resolution of 1 km?, using the software Trelis. The
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use of triangular elements allows us to build more realistic curved fault

Table 4
Rate-and-State Friction Parameters, Initial Normal (o,) and Shear surfaces (Gilchrist, 2015), while the use of 1 km” as the minimum cell
(7 o) Stress Conditions and Gutenberg-Richter B-value Obtained From size improves the seismic catalog, helping to reduce the stress concentra-
Frequency Distribution of Synthetic Seismicity tions at the model elements for more realistic ruptures (Dieterich, 1995;

b-value Gilchrist, 2015; Richards-Dinger & Dieterich, 2012). Our fault model of
Catalog a b a-b o (MPa) 7 (MPa) (M:4.6) the EBSZ (Figure 2) described above contains 11,764 elements.
cat-3 0.010 0.015 —0.005 120 60 1.50 + 0.01
cat-14 0.001  0.008 —0.007 100 60 0.99 £0.00  3.2. Frictional Properties

a

cat-20 e e 20 60 1L e 0O RSQSim incorporates rate- and state-dependent friction equations (Di-
cat2l ~ 0.001 0.006 —0.005 20° 60 125£0.01  eterich, 1978) to simulate earthquakes. In Appendix A, the RSQSim
cat-27 0.001 0.008 —0.007 20* 60 1.13 £ 0.01 simulator formulation is described. The rate-and-state friction parame-
cat-28 0.001 0.010 —0.009 208 60 105+ 0.00 terscontrol the nucleation and propagation of earthquakes (e.g., Dieter-
cat-29 0001 0010 —0.009 140 75 108+ 000  ich,1979;Scholz, 1998). In the EBSZ, some experimental studies explore

Note. We used the software ZMAP 7 (Wiemer, 2001) for the analysis of
seismicity. An optimal magnitude of completeness Mc 4.6 is calculated
for moderate-sized events based on the complete set of catalogs, which

the frictional properties of fault rocks from the region (Niemeijer & Viss-
ers, 2014; Rodriguez-Escudero, 2017). We assigned the global frictional
parameters of the fault model based on the best-fit results of these stud-

have variable number of events and different minimum magnitudes, two ies. Multiple simulations were carried out in order to tune the frictional

of them larger than My, 4.
*These values represent a gradient of 20 MPa/km.

parameters to match observed earthquake magnitude-rupture area scal-
ing relations (Leonard, 2010; Wells & Coppersmith, 1994), a procedure
followed by numerous modeling studies before (e.g., Console, Vannoli,
& Carluccio, 2018; Shaw et al., 2018; Wilson et al., 2018). It is an itera-
tive process and the aim is to generate a frequency distribution of mod-
erate-sized events similar to the behavior of instrumental seismicity in the Eastern Betic region, with a
Gutenberg-Richter b-value close to 1.0 £ 0.1 (Garcia-Mayordomo, 2005; IGN-UPM, 2013; Villamor, 2002).

3.3. RSQSim simulations

In the simulations, input parameters are assigned for each fault element in the model. The tectonic stressing
rate over the fault surfaces is applied by means of the back-slip method (Savage, 1983) using the mean geo-
logic fault slip rates presented in Table 3. The cycle of stress accumulation and seismic slip at each element
is simplified in terms of three states: locked, nucleation, and sliding. Among other features, Equation Al
(see Appendix A) shows that in RSQSim the stress drop during an event is logarithmically dependent on
slip velocity and proportional to the product of the normal stress and the difference of the state and rate
coefficients (a-b). Stress interactions between elements (Equation A3 and A4) are based on 3D elasto-static
dislocation solutions (Gimbutas et al., 2012; Okada, 1992).

RSQSim makes a quasi-dynamic approximation to rupture nucleation and propagation. During seismic
rupture, every fault element that slips transfers stress to the rest of the model, but there are no dynamic in-
teractions (i.e., waveforms) and other subsequent dynamic effects (e.g., ground motions and off-fault defor-
mations). In the RSQSim simulations, earthquakes nucleate spontaneously and the nucleation location
for each individual event is not specified a priori, hence each simulated rupture has a set of initial stress
conditions. It is a computational approach which makes it significantly faster than fully dynamic models.
Despite all stresses in RSQSim are based purely on elastostatic calculations, the code introduces some en-
hancements to achieve a better validation of the quasi-dynamic part of the earthquake phenomenon (see
“Approximations to Elastodynamics” of Richards-Dinger and Dieterich (2012)). In our model of the EBSZ,
we deal with the dynamic limitations through the application of a dynamic stress overshoot factor (10%),
the reduction of rate-coefficient a in the rate- and state-dependent friction law, and the variation of initial
stresses (see input parameters of the simulation in Table S4), which seems to emulate successfully the
space-time evolution of the rupture governed by fully-dynamic models (Gilchrist, 2015; Richards-Dinger
and Dieterich, 2012).

Simulations have been therefore run varying the rate-and-state friction parameters and also the initial stress
conditions (Table 4). Friction coefficients are varied in each simulation as a single parameter with no spatial
variation. RSQSim simulations begin with homogeneous initial shear stress, but during simulations, the
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Figure 3. Statistical comparison between the synthetic catalogs obtained using the RSQSim earthquake simulator code. (a) Cumulative earthquakes > M(x)
and frequency-magnitude distributions for the earthquake catalogs. We estimate an optimal magnitude of completeness M¢ 4.6 for moderate-sized events

considering all the catalogs. (b) Magnitude-rupture area distribution of the synthetic seismicity against the scaling relations (Leonard, 2010; Wells &

Coppersmith, 1994). Dotted lines represent two standard deviations derived from the uncertainties of the regressions used.

shear stress evolves through fault system interactions over many seismic cycles but never reaches the value
assigned for the first event, which is 60 MPa in our simulations. We tried a variable initial normal stress
with a gradient of 20 MPa/km because we observed during the iterations that this model allowed us to ho-
mogenize the slope of the magnitude distribution and simulate more realistic ruptures (Richards-Dinger &
Dieterich, 2012). This improves the comparison between the synthetic catalog and the instrumental catalog
of the EBSZ, which contains mostly small events. Nevertheless, the nonuniform normal stress is clearly
evident in the first simulated event but has almost disappeared in subsequent events, thus it does not affect
the modeling of slip in the rupture propagation (Gilchrist, 2015; Lapusta & Liu, 2009), although it could
sometimes condition re-nucleation in adjacent faults (Oglesby, 2008, see section 5.3 of the Discussion). The
first 2000 years in the catalogs are discarded in order to avoid the irregularities in the first ruptures before
the stress state has evolved. The comparison of the seismicity from the simulations with the empirical
relationships has been made after applying a process of seismicity declustering on the catalogs (Reasen-
berg, 1985) using the software ZMAP (Wiemer, 2001), which is standard practice in seismic hazard analyses.
Later discussion of a specific catalog has been conducted without applying the declustering method, except
when the analysis required it.

See the data sets available in a public data repository (Herrero-Barbero et al., 2021) for more details about
the 3D fault model, input data for RSQSim simulations (including test simulations) and output data: earth-
quake catalogs, slip data, and statistical analysis.
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Table 5

Comparison Between synthetic Catalogs That Best fit the Frequency-Magnitude and Magnitude-Rupture Area Scaling
Relations (Figure 3). f Represents the Ratio Between Mean RI of Paleoseimic Sites and Mean RI of the Synthetic Catalogs,
Referring to Equation 1

cat-20 cat-21 cat-27 cat-28
Site ‘Rlsie (kyr)  Rleae 1) f Rlcar (yr) f Rl (1) f Rlca (yr) f
AMF-2 48+1.9 4,021.9 1.19 4,115.8 1.16 3,940.1 1.21 4,561.9 1.05
CF-2 23.5+9.7 1,505.3 15.64 832.8 28.27 999.7 23.55 1,016.9 23.15
LTF 45+23 9,705.1 0.47 9,063.3 0.50 10,195.5 0.45 9,803.9 0.46
CAF-1 33£0.7 7,935.8 0.42 6,378.9 0.52 7,953.1 0.41 12,166.0 0.27
BSF-2 9.6 £ 0.2 14,790.4 0.65 9,410.4 1.02 11,665.7 0.83 10,167.8 0.95
MAD 0.41 0.29 0.38 0.34

Note. MAD: Mean absolute deviation (excluding the CF-2 values).
“See Table 2 and Text S1 of the supporting information for data and criteria used to calculate Rl;e.

4. Results

The multicycle simulations result in synthetic catalogs lasting 100,000 years that range from 28,000 events
in some cases to almost 300,000 in others. The magnitudes cover a range of 3.0 < My < 7.6, although two
of the catalogs have minimum magnitudes larger than My 4. The input parameters influence the extent of
the catalogs, but we acknowledge that, due to the size of the mesh and the quasi-dynamic limitations of
the simulation code, the smallest earthquake ruptures may not be entirely realistic. Figure 3 shows the fre-
quency-magnitude distribution (FMD) and magnitude-rupture area relations obtained from the simulated
catalogs. The FMD (Figure 3a) shows that magnitudes My < 5.5 and My > 6.5 from the modeled catalogs
fit quite well with the range of b-value = 1. 0 £+ 0.1 observed in the study area. For magnitudes My 5.5-6.5,
however, a change in slope from ~1.0 to 1.2 is observed. This discrepancy for moderate magnitudes is also
observed in other studies that create synthetic catalogs using earthquake simulators (e.g., Christophersen
et al., 2017; Sachs et al., 2012) and is a result of the lack of small fault elements in the model. The use of an
element size of 1 km? and the frictional parameters assigned in our model allow us to reach a minimum
earthquake magnitude of My 3.4, but the optimal magnitude of completeness of the catalogs is calculated
to range from Mc 4.0 to 4.6. The synthetic catalog should have a greater number of earthquakes of Mw < 5
compared to the number of My, > 5 so that the projection of its FMD could approximate the slope of the
actual seismicity. Theoretically, the fault model could be created with patches smaller than 1 km?, however

this would require a significant increase in the computation time and

does not serve the objectives of this study. For subsequent discussions of

Benejuzar sect. (BSF-2) -

Palmar site (CAF-1) 1

Acopios-Rio sites (LTF) A

La Salud site (AMF-2)

La Serrata sites (CF-2)

0.0

Figure 4. Comparison between the recurrence intervals (RI) for My > 6
simulated earthquakes with those obtained in the paleoseismic sites of the

; ; ; : : this study, we will take minimum magnitudes of My, 4.5 or 5.0.
| cat-20

XV? & a2l There are some evident differences between the synthetic catalogs with
i X cat-27 respect to how they fit the magnitude-rupture area relation (Figure 3b).
V&S i V cat-28 Overall, the best-fit results match the catalogs with rate-and-state friction
> i parameter a = 0.001 (Table 4), except for catalogs 29 and 14, which have
: great discrepancies (Figure 3b). The catalogs with a = 0.01 (cat-20 and
:v<>< cat-3; Table 4) demonstrate good correlation but differ on the earthquake
i A0 g o scaling relations for the small magnitudes (Figure 3b). In catalogs 27 and
i W o 28, which show better correlation with the magnitude-rupture area scal-
i ing relations (Figure 3b), there is again a slight discrepancy regarding the

0.5 1.0 1.5 2.0 2.5 3.0 optimal trend for the largest magnitudes (My > 7).
f To identify the synthetic catalogs that better fit the known seismici-

ty characteristics of the EBSZ, the recurrence intervals (RI) for My > 6
simulated earthquakes have been compared with those obtained for the

EBSZ (see Text S1 for further details about the data from the paleoseismic faults using paleoseismological methods (Table 2). We selected 5 repre-
sites). The factor fis calculated for each synthetic catalog. sentative paleoseismic sites where recurrence times have been estimated
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through observations of surface paleoruptures in trenches (Table 5). For

= m : ;‘g : ::: : j’g estimating RI, we considered the time span between the first and the last
210" 3 10t g observed or simulated events in relation to the number of events. The
*§ F §° ratio between mean RI of paleoseimic sites and mean RI of the synthetic
8 107 5 - 10° 5 catalogs results in a factor:
3 F 8
§ 10° - 102 E f= Rl )
3 B Rl pgra10
S 104 L 10 Z
< g that allows comparison of the modeled catalogs (Table 5 and Figure 4)
0% ] ] I I L_ 100 that best fit the observed empirical relations previously analyzed (Fig-
AME CE PE LTE CAF  BSF ure 3). This is a simplification of the procedure applied in the earthquake
b) Faults rupture forecast for California (UCERF; Field et al., 2008), where there
= AMF CF are much more paleoseismic data that allow for more complex statistical
§ — ® M>5.0 e comparisons. The synthetic catalogs that best fit the magnitude-area ob-
\z U8 - I e 48 servations are: 20, 21, 27, and 28 (Figure 3b). First, we observe that the
3 z'zz | ] i g"gz results agree better with the paleoseismic data obtained for the La Salud
T ’ site in AMF-2 and for the Benejuzar section in BSF (Figure 4). The results
g 02 [ | m . e for the CF are, however, overestimated in relation to the observations in
<= "1 234 1 2 ° trenches. According to the mean deviation around the factor f, the cata-
= PF LTF logs 21 and 28 are those that best correlate with data obtained in paleo-
5 0006 2005 seismic sites of the EBSZ (Table 5), together with the good results of the
:i,: 08 ] | ] . o6 magnitude-rupture area scaling observations (Figure 3b).
NE We have selected catalog 28 for the rest of the analyses of this study.
S i ] i ] [ =52 Besides the good correlation between the recurrence data, the magni-
S 0 | . 0 tude-rupture area plot (Figure 3b) roughly fits the scaling relationships
12 3 1 (Leonard, 2010; Wells & Coppersmith, 1994), with a better equivalence
:§ 0.03 CAF BSF 0.03 for magnitudes 4.0 < My < 6.5. The magnitude-frequency plot (Fig-
§ . ure 3a) shows that the slope has the best solution for a b-value of 1.05
8 0024 i — 0.02 (Table 4). Therefore, the combination of parameters that resulted in
E | better agreement with the criteria of seismicity distribution are: rate-
S o ] | 1 i oot and-state friction parameters a = 0.001 and b = 0.010, a steady-state
S 0 1 m N | __T.-Z.T,__ 0 coefficient of friction u, = 0.6, an initial shear stress of 60 MPa and a
1 2

Figure 5. Catalog statistics from the reference simulation. (a) Number of
events and annual rates (in logarithmic scale) nucleated on each fault of
the system for several ranges of magnitudes. (b) Annual rates of My > 4.5

variable initial normal stress of 20 MPa/km with depth. See Table S4
of Supporting Information for the rest of input parameters used in the
simulation analyzed (e.g., critical slip distance D¢ of Equation Al and
Lamé elastic moduli).

earthquakes for each fault section of the model. My > 5.0 events are
emphasized in black.

The multicycle simulation assumed as a reference case based on the ge-
ometrical, strain, and frictional properties of the faults at the EBSZ re-
sults in a synthetic catalog of 77,245 events (after the first 2000 years are
discarded, see above). The synthetic catalog spans a range of magnitudes
between 3.4 < My < 7.6, although we have taken a range of 4.5 < My < 7.6
for the following interpretations. Figure 5 shows some catalog statistics from the reference simulation. For
a 100 kyr period, 75% of fault ruptures in the EBSZ are associated with the AMF and the CF (Figure 5a). The
largest number of earthquakes are nucleated in the southern sections of the AMF (Figure 5b), as expected
because of their greater estimated slip rates (AMF-1 and AMF-2; see Table 3). AMF-4 has more seismicity
than AMF-3 despite having the same slip rate (Figure 5b); in this case the determining factor could be the
greater length of the AMF-4 section. In the CF, most of the hypocenters are located in the northern section,
probably also because of the greater length of this section that favors a wider rupture area. The PF and the
LTF show a similar magnitude distribution (Figure 5a) but the latter, which is modeled as a unique section
(Figure 2), is the source of a greater number of events. CAF and BSF, located at the northeast of the fault
zone, show very similar seismicity statistics (Figure 5a). The southwestern section of the CAF generates
more synthetic events despite its slower slip rate. The fault section of the BSF with the highest seismicity
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Figure 6. Interevent time distribution according to moderate-large moment magnitudes simulated on (a) the complete
fault system and, (b) to (g), on each fault. The gray box lies between the upper and lower quartiles of the data, the black
line inside the box indicate the median value, the dashed lines represent maximum and minimum values, and the
isolated circles are the outliers. The blue boxes show interevent times for less frequent My, > 6 earthquakes (My, > 5.5
for PF and LTF) considering a larger magnitude bin. Events with an intermediate time less than 10 days have been

discarded to avoid a clustering effect.
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Earthquakes with magnitudes greater than My 5.0 represent only 10.5%
of the simulated seismicity (black bars in Figure 5b). The simulation sug-
gests that all the faults of the system can nucleate My > 6.0 events, even
the PF with two My 6.2 and 6.7 events for the 100 kyr time frame. My > 7
synthetic earthquakes are nucleated only on the AMF and the CF, except
—O for a single event recorded on the BSF. The maximum magnitude recorded
0] 3 for the AMF is My 7.4, reached in several events on AMF-1 or AMF-2. The
maximum magnitude of the entire synthetic catalog, My 7.6, occurs in the
T T Tk northern section of the CF. The maximum magnitudes simulated on the
M7 LTF, the CAF, and the BSF are My, 6.6, My, 6.9, and My, 7.1, respectively.

O H

When we calculate the average RI to compare the simulated catalogs, we
I assume a periodic occurrence of earthquakes along the studied time span
H ’! [ e N as a way to approximate the recurrence of large events in a particular
V{Qﬁ I i @ | fault. If we analyze in detail the time between events nucleated by the
b IR T simulations (Figure 6), we observe a logical progressive increase with
I il B magnitude of the most probable interevent time values. According to

)DGT ‘ I the simulated seismicity for the entire fault system (Figure 6a), the most
B 0 probable interevent times for moderate magnitudes My, 5.5-6.0 range be-
: tween 70 and 2000 years; and for magnitudes My 6.0-6.5 the time inter-
B I ‘ i vals rise from 800 years to approximately 7000 years. From magnitude My

= e B ~6.5, the process seems to become more stochastic, possibly influenced

| | I
1400 1500 1600

T T T T by the different fault section areas interacting with each other. Due to this

1700 1800 1900 2000 uncertainty, the largest magnitudes have been grouped into wider inter-
Time (years) vals (blue boxes in the plot) allowing a more conservative interpretation

of the interevent times obtained. The distribution of interevent times and

Figure 7. Historical-instrumental My > 3 seismicity in the region of magnitudes varies with each fault. In general, we see similarities in the

study, from the refined and homogenized earthquake catalog of moment
magnitudes by IGN-UPM (2013).The red dashed lines represent the years
of completeness of the historical catalog for each interval of magnitudes

shown in Table 6.

behavior of recurrence and of the maximum magnitudes between pairs
of faults: AMF with CF (Figures 6b and 6c), PF with LTF (Figures 6d and
6e), and CAF with BSF (Figures 6f and 6g).

5. Discussion

The application of a physics-based earthquake simulator to the EBSZ, the main active fault system of the
Eastern Betic Cordillera, SE Spain, has allowed the compilation of a 100 kyr synthetic seismic catalog for
M > 4.5 events. This catalog contains 75,977 earthquakes whose magnitude distribution tries to emulate the
observed regional seismicity, but without the limitations of real catalogs concerning the completeness and
short time duration. In this section, we compare in detail the resulting synthetic catalog with the real in-
strumental and historical catalogs of the region. We analyze the similarities found in the paleoseismological
data from each fault, emphasizing some issues of the catalog that demand more detailed discussion.

5.1. Analysis of Magnitudes and Interevent times

As mentioned before, the observed seismicity data related to the Eastern Betics is quite limited and in-
complete. The instrumental catalog dates back to 1923 A.D. (Gaspar- Escribano et al., 2015) and historical
macroseismic intensities are mostly dated after the fifteenth century (Martinez-Solares & Mezcua, 2002).
The project to update the maps of seismic hazard in Spain (IGN-UPM, 2013) compiles a refined and ho-
mogenized earthquake catalog of moment magnitudes (Table 1) from macroseismic and instrumental data.
From this earthquake catalog, we have selected My > 3 seismicity geographically correlated with the faults
of our model (see Figure 7 and the complete list in Dataset S1 of Supporting Information), assuming a
buffer of ~30 km wide to both sides of the mapped trace. Note that the standard deviations of the greatest
magnitude estimations are very large (Table 1). According to this earthquake catalog of the study region,
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the time period available for real seismicity data is barely 600 years (Figure 7). However, the completeness
analysis of the seismic catalog for the SE of Spain (IGN-UPM, 2013), confirms that the year of completeness
for small 3 < My < 3.9 earthquakes is quite recent, 1975; and for 4 < My, < 4.9 earthquakes the reference year
is 1883. Therefore, the actual catalog for the study region is not easily comparable with the synthetic 100 kyr
catalog obtained due to its incompleteness and the uncertain location of many epicenters. We will analyze
the occurrence of certain magnitude intervals and interevent times of the simulated seismicity in relation
to similar earthquakes recorded in the historical catalog.

The synthetic catalog shows that the seismogenic sources with the greatest number of nucleated events
(Figure 5a) are the AMF and the CF, located at the southwestern half of the fault system (Figure 1). This
fact is due to assigned slip rates > 1 mm/yr in some of their sections. It is possible that the predominant
strike-slip kinematics (low angles of rake) favored long ruptures, linking fault sections and hence large
rupture areas. The southern section of the AMF (AMF-1) has been correlated by Martinez-Diaz et al. (2018)
with the 1674 Lorca earthquake (Table 1) with an estimated magnitude of My 6.0 = 0.8. Despite the high
uncertainty in the estimation of magnitude, the synthetic catalog provides evidence of numerous modeled
events of similar size (Figure 5b). Interevent time intervals (Figure 6b) range from 100 years (median val-
ue) for magnitudes close to My 5, to 5,000 years for magnitudes around My, 6. For higher magnitudes, the
sample of synthetic events decreases, increasing the resulting interevent time variability, with a maximum
of 50,000 years. From a more conservative approach, if we group the magnitudes into wider intervals (My
6.0-6.5, My, 6.5-7.0, My > 7.0; blue boxes), we observe that for My > 6.5 earthquakes, the most likely inter-
event times vary between 4000 and 9000 years in the AMF.

The CF seems to be the source of a historical earthquake that occurred in 1522, with an estimated magnitude
of My 6.5 = 0.3 (Alhama de Almeria earthquake; Table 1). According to Reicherter and Hiibscher (2007),
this historic earthquake might be associated with the northern section (CF-2), where our synthetic models
simulate a large nucleation of events with similar magnitudes (Figure 5b). The interevent time intervals in
this case are estimated to be around 500 and 2000 years for magnitudes similar to the 1522 earthquake, if
we consider the values of the statistics with larger (~0.5) sample interval (blue boxes in Figure 6¢). The time
intervals decrease to values between 30 and 300 years for 50% of the earthquakes 5 < My < 5.5 in the catalog.

The northeastern part of the EBSZ (Figure 1) has also exhibited intense seismic activity during historical
and instrumental periods (Giner et al., 2003). Several of the largest earthquakes with Igys > VII (Table 1)
have occurred here, namely the 1482 and 1673 Orihuela earthquakes, and the 1829 Torrevieja earthquake.
The latter is the event with the largest intensity recorded in the historical catalog of the region (Martin-
ez-Solares & Mezcua, 2002) and an estimated magnitude around My, 6.6 = 0.2 (IGN-UPM, 2013). The seis-
mogenic sources located northeast of our EBSZ model are CAF and BSF (Figure 2). Both faults generate
synthetic events with maximum magnitudes My 6.9-7.1, slightly higher than the estimated magnitude for
the Torrevieja earthquake. The simulated seismicity in the CAF and the BSF suggests a higher probability
of interevent times of more than 100 years and less than 3,000 years for My, < 6 magnitudes (Figures 6f
and 6g). These interseismic periods of a few hundreds of years are on the order of that observed in the real
historical record of the zone (Table 2).

The variability of interevent time intervals along successive seismic cycles emphasizes one of the main
problems of the historical-instrumental catalog: the influence of the time frame. Figure 8 shows the syn-
thetic seismicity obtained in time intervals of 600 years, similar to the time window of real seismicity avail-
able at EBSZ, but with a maximum completeness of the 100 kyr catalog for magnitudes greater than My
4.5. In this example, we observe that after the occurrence of the largest earthquake, an expected increase of
smaller events is generated (Figure 8a), most of them of moderate-sized (Mw > 5.5). According to this, up
to 4 events with magnitude greater than My 6.0 may occur in barely 100 years. This cluster of large events,
or “earthquake storm” (Nur & Cline, 2000), occurs when a great event in one fault section produces a stress
load on adjacent sections causing successive earthquakes to be triggered in the following days, months or
years. After this cluster, in the consecutive interval of 600 years (Figure 8b), a period of quiescence without
big earthquakes is revealed, once the system has released all the accumulated stress after the sequence of
major events. The moderate background seismicity observed during these long periods is also seen, for
example, after the New Madrid ~ My8 intraplate earthquakes in the 1800s, where no events of similar mag-
nitude have occurred since then but a low ongoing seismicity has remained so far (Page & Hough, 2014).
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Table 6

Additionally, Figure 8c shows another time frame of 600 years far from

Annual Occurrence Rates Estimated for Moderate-Small Synthetic the previous ones, in which two pairs of events close to My6 occur. In this

Earthquakes and for Regional Historical Seismicity

case, no larger earthquake is generated throughout the same time inter-

Annual occurrence rate (events/yr) val as the previous examples. Therefore it is evident that there is a strong

influence of the time scale when analyzing even a single seismic cycle

Magnitude Year of completeness  Historical . . . .
M, (IGN-UPM, 2013) —— S T (Figures 8a and 8b). According to the long-term mmulatlofls performed,
we cannot rule out the occurrence of sequences of larger size than those
e L Lz =E D = recorded in the historical catalog, especially in regions with slow-moving
5.0-5.4 1800 0.08 + 0.03 0.07 seismogenic faults and long interseismic periods.
5.5-5.9 1520 0.01 + 0.01 0.01
Smaller earthquakes (My < 6.0) occur more frequently at Eastern Bet-
6.0-6.4 1048 0.005 + 0.004 0.002

ics, and some of them have been quite damaging despite their moderate

Note. We take the historical events from the years of completeness magnitude, thus we should pay due attention to them. Faults of the EBSZ
calculated by IGN-UPM (2013) for intervals of magnitudes. included in our model are the most likely seismogenic sources for some

of those events, for example: 2011 Lorca earthquake (My, 5.1) and 1919

Jacarilla-Torremendo earthquakes (Myw 5.3), associated with the fault

zones of the AMF (Martinez-Diaz, Bejar-Pizarro, et al., 2012) and the

BSF (Batllé et al., 2015), respectively (Figure 1). Some minor earthquakes

may also have seismic sources associated with smaller faults not included
in our model (Rodriguez-Escudero et al., 2014, see subsection 5.4). We have approached the estimation of
annual occurrence rates for moderate-small earthquakes recorded in both catalogs (Table 6). For the rates
of the regional historical seismicity, we have taken only the events from the years of completeness calculat-
ed by IGN-UPM (2013) for each interval of magnitude. We observe a relatively good correlation of annual
occurrence rates for the entire fault system (Table 6) despite the great interevent time variability observed in
synthetic seismicity. The simulations generate an annual occurrence rate of 0.23 events/yr for magnitudes
My, 4.5-4.9. For magnitudes My, ~5 similar to those of the 2011 Lorca and the 1919 Jacarilla-Torremendo
earthquakes, our synthetic model estimates an occurrence rate of 0.07 events/yr (Table 6), comparable to
the rate estimated in the historical catalog, 0.08 + 0.03 events/yr, from 1800 A.D. Figure 5b shows the contri-
bution of each fault section (black bars) to these total annual earthquake rates calculated from the synthetic
catalog. It is important to evaluate the seismic hazard implications of these moderate My, ~5 earthquakes,
due to the severe damage from recent events and the proximity of the faults involved to urban areas with
thousands of inhabitants (Figure 1).

5.2. Modeling of Large Magnitude Earthquakes

Paleoseismic information allows us to increase the time window of the actual observations in the EBSZ.
Paleoseismic evidence of surface ruptures have been found in the main faults of the system, being dated as
post Mid-Pleistocene (Table 2). When referring to surface-rupturing earthquakes, we assume Igysog > VII
and/or My > 6.0 earthquakes, according to numerous observations that suggest that those magnitudes are
more likely to generate surface rupture (e.g., Biasi & Weldon, 2006; McCalpin, 2009).

In Table 5 and Figure 4, we analyze mean RI for large earthquakes obtained by means of paleoseismic
research in each fault, except for the PF where there are no simulated My > 6 events in the PF-2 section to
compare with the paleoseismic estimations (Table 2; Roquero et al., 2019). We verify a very good correlation
with the recurrence time intervals for simulated events in the AMF and the BSF, and a worse correlation for
the CAF and the LTF. For the latter, there is a better fit with the maximum estimations of recurrence than
the average. On the contrary, for the CF, the results of recurrence from the simulations imply an impor-
tant divergence, being much lower than those obtained in paleoseimic sites. At Northern Carboneras fault
(CF-2), paleoearthquake evidence (Table 2) suggests an occurrence rate for large earthquakes of around
7.2 X 10~° events/yr based on trenching results at the El Hacho site for the last 41.5 kyr (Moreno, 2011, see
details of the calculation in the Text S1 of Supporting Information). From the reference simulation (catalog
28), the mean annual rate obtained for My, > 6 earthquakes is 9.8 x 10™* events/yr in CF-2. This means that
the rate obtained from the paleoseismic data estimated in the El Hacho site would represent around 7.4%
with respect to the result calculated from the synthetic catalog. The degree of fault coupling could be a de-
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Figure 9. Average displacement in meters over the ruptured fault plane

for each My, > 6.0 synthetic earthquake, represented with a cross. Vertical
bars represent one standard deviation from the mean. Linear trendlines are
represented with broken lines. (a) Synthetic events nucleated on the AMF
and the CF. (b) Synthetic events nucleated on the PF, the LTF, the CAF,
and the BSF.

termining factor of this discrepancy. Our model considers 100% coupling,
therefore the data obtained by paleosismology in CF-2 would show much
less coupling and could be explained by a certain aseismic behavior in
the northern section of this fault (Faulkner et al., 2003). Alternatively,
the number of paleoearthquakes observed in trenches of the CF could be
a minimum value, possibly meaning lower recurrence periods (Masana
et al., 2018).

The earthquake simulator also allows us to obtain the displacement dur-
ing an event for each element of the model. This enables us to explore
the slip distribution during a simulated event along strike and depth. Al-
though analyzing the characteristics of synthetic rupture models is not
the aim of this paper, we do assess the mean distances slipped in meters
associated with large simulated events. Figure 9 shows the average dis-
placement over the rupture plane for each My, > 6.0 synthetic earthquake,
represented with a cross. We see that for 6.0 < My < 7.0 events, the mean
displacement is typically between the 0.5 and 3.5 m. The displacements
obtained for the AMF and the CF (Figure 9a) have a bimodal distribution
and reach values above 2 meters in a few My < 6.5 events. The displace-
ments that we show in Figure 9 are the average values of a slip amplitude
that varies along the ruptured fault plane, therefore they could be smaller
in the model elements far from the hypocenter and in shallow depths,
where we measure the displacement by paleoseismology. In addition to
this, we emphasize that the estimations of coseismic displacements ob-
tained in paleoseismic trenches (Table 2) have huge uncertainties, which
inhibits their comparison. Even so, we can see that the observations of
surface ruptures measured in trenches are generally consistent within an
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Figure 10. Number of My > 5.0 events associated with ruptures involving various fault sections and the relative percentage to the total number of events
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Murcia Fault catalog; (b) Carboneras Fault catalog; (c) Palomares Fault catalog; (d) Los Tollos Fault catalog; (e) Carrascoy Fault catalog; and (f) Bajo-Segura

Fault catalog.

order of magnitude with the values of mean displacements for Mw < 7.0 events obtained from our phys-
ics-based simulations.

The presence of My, > 7.0 events in our simulated earthquake catalog contrasts with the absence of these
large magnitudes in the refined and homogenized historical catalog (Figure 7; IGN-UPM, 2013) and with
the lack of evidence of surface paleoruptures with offsets greater than 3 meters among the paleoseismic
data (Table 2). This fact may be due to the influence of the time frame in the historical data and the duration
variability of the seismic cycles (Figure 8). This problem is especially important in low-strain zones, where
seismic catalogs record a minimal fraction of the seismic cycles of the faults. This is in addition to the scarce
record of large paleoevents and the limitations of paleoseismology in slow-deformation regions. When we
refer to earthquakes associated with metric displacements, with recurrence intervals of thousands of years,
the influence of active surface processes on relief is much greater than the influence of tectonic process-
es. Some evidences observed in paleoseismic sites of the EBSZ cannot be ruled out as being produced by
My, > 7 events. For example, Moreno et al. (2016) estimate a magnitude of My 7.2 & 0.3 from the mean slip
per event obtained by trenching at CF-1 (considering a complete section rupture), and Martin-Banda (2020)
also estimates a maximum M 7.1 + 0.3 considering the joined rupture of the CAF and the LTF by analyz-
ing the age of two events observed in trenches of both faults.

5.3. Fault Segmentation and Extension of the Ruptures

Another objective of our long-term physics-based simulations is to evaluate the influence of fault segmen-
tation in the EBSZ on rupture propagation. We emphasize that the simulator code is not influenced by the
subdivision of meshes that represent the fault sections in the model and the ruptures are allowed to propa-
gate from one to another. However, it has been observed that the (re-)nucleation, propagation, and arrest of
rupture are very sensitive to complexities in fault geometry (e.g., Douilly et al., 2015; Wollherr et al., 2019).
For this reason, what we explore is the influence of changes in geometry (strike and dip), kinematics (rake)
and slip rates on the rupture extension. We analyze the following rupture propagation scenarios: (1) if the
rupture of a synthetic event is propagated only through the fault section where it is nucleated (single-sec-
tion rupture); (2) if the rupture is propagated through more than one fault section (multisection rupture);
(3) if a fault of the EBSZ can rupture completely (all sections and entire fault plane) in one single event; and
(4) if ruptures can jump between faults in a single event (multifault rupture).
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Table 7

Multifault Simulated Earthquakes Recorded in the Synthetic Catalog

Faults involved in a No. of Rupture area out of the Range of

multifault rupture® events nucleating fault (km?) magnitudes My, Recurrence interval
CF + PF-1 7 13-64 7.0-7.6 3,065-20,000 years
AMF + LTF 4 37-259 7.0-7.4 6,100-33,700 years
AMF + LTF + PF-3 2 45-103 7.4 12,050 — min. 43,800 years
AMF + PF-3 1 11 7.4 > 100 kyr

PF + LTF 1 9 6.7 > 100 kyr

CAF + LTF 2 17-26 6.9 58,700 years

Fault combinations represent the earthquakes that are nucleated in a fault (in italics) and propagate to another fault in
the system. Other possible rupture propagation scenarios that do not appear in the table have also been analyzed, but
none of them is recorded during the 100 kyr period simulated in the catalog.

*The multifault rupture does not necessarily imply a complete rupture of both faults.

Firstly, we have grouped the simulated catalog events based on the different rupture linkages between sec-
tions of the same fault. Figure 10 shows the number of events associated with ruptures involving various
fault sections and their relative percentage to the total number of My > 5 events generated by that fault. In
each rupture propagation scenario, the first section is where the hypocenter of the earthquake is located. We
observe that more than 98% of the events contained in the simulated catalog involve only the fault section
where the earthquake is nucleated. However, all seismic sources are capable of propagating the rupture be-
yond the section where the earthquake is nucleated at some point during a period of 100 kyr. As expected,
most synthetic earthquakes involving more than one fault section occur in the sections with the highest
estimations of slip rates (AMF-1,2 and CF-1,2) as a greater number of events nucleate in those sections
(Figures 10a and 10b).

In the case of the AMF, the CF and the CAF, the synthetic catalog shows some multisection ruptures that
involve all fault segments in a single event (Figures 10a, 10b, and 10e). This does not necessarily imply
an entire fault length rupture: some of the events extend just beyond the termination of a section and
propagate to the adjacent section involved without completely rupturing its entire area. A more detailed
analysis of the earthquake rupture surfaces reveals that 22 of these multisection earthquakes (1 in the
AMF, 15 in the CF and 6 in the CAF) are certainly the result of rupture of the entire fault length (red bars
in Figure 10), with magnitudes ranging between My, 6.8 and My, 7.6. The synthetic catalog also records two
other complete ruptures (entire fault area) of the LTF (Figure 10d), formed by a single fault section, with a
magnitude of My, 6.6.

In our model the lateral propagation of the BSF is very improbable (Figure 10f), while the rupture of differ-
ent sections and even different faults (Table 7) on the rest of the system happens several times in our 100
kyr catalog. The main differential characteristic of the BSF is the rake. We have modeled the BSF as reverse
faults (Alfaro et al., 2012) while the rest of the faults are oblique and strike-slip faults. To compare the in-
fluence of both type of end-member faults we have modeled simple fault ruptures using the Okada (1992)
equations (by means of Coulomb 3.4 software; Toda et al. (2005); Lin and Stein (2004)). See the models in
Figure S1 of Supporting Information. The reverse fault rupture (Figure S1a) generates small stress transfer
lobes on the fault tips, while the strike-slip fault (Figure S1b) generates elongated lobes of stress increment
in the strike direction of the fault. If we compare the stress increments on both models (Figure Slc) it is
clear that the ability of the reverse faults to propagate laterally is much lower than the ability of the strike-
slip ones.

Additionally, the potential multifault rupture in the EBSZ has been evaluated. Table 7 represents the num-
ber of simulated earthquakes that propagate into sections belonging to faults different from those where
the event is nucleated. We include only the fault combinations corresponding to the earthquakes that are
nucleated in a fault and propagate to another fault in the system, thus evaluating the compatibility of their
characteristics to favor the slip transfer. During simulations, some of the greatest events that involve com-
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plete faults, also generate minor dislocation (isolated patches) of some model cells belonging to nearby
faults. We have only considered multifault ruptures those that displace contiguous elements constituting a
>9 km? area in the fault plane to which the rupture is transferred.

Physics-based simulations performed in this research suggest the possibility of large earthquakes capable of
propagating through various faults of the system. If a complex multifault rupture occurred at the EBSZ, the
earthquake magnitude would be at least My, 6.7 (Table 7). We observe that the CF would be able to generate
arupture that would extend to the southern section of PF, but without completely rupturing both faults (Ta-
ble 7). According to the simulations carried out, the CF would generate My > 7.4 events only when a joined
rupture with PF-1 occurred, with a recurrence of up to 20,000 years (Table 7 and Figure 6c).

The AMF is able to transfer slip to model elements in the LTF and the PF (Table 7). We should remember
that the RSQSim simulator only generates slip in the elements contained in the modeled sources and no
seismic waves are produced, so here can only deduce a re-nucleation by static stress transfer to parallel
faults, rather than rupture branching between connected sections (as between CF and PF). Some large
earthquakes nucleated in the southern sections of the AMF transfer the slip northeastward along the fault
(Figure 10a), and before reaching AMF-4, the rupture “jumps” to the LTF, preferentially. This behavior
agrees with the small number of events capable of creating a complete rupture of the AMF (Figure 10a),
despite reaching magnitudes up to My 7.4 in the resulting synthetic catalog (Figure 6a). It is noteworthy
that the combination between the AMF and the LTF is more frequent than between the LTF and laterally
contiguous faults, PF, and CAF. It is possible that the LTF, being smaller in size, synchronizes with the other
faults more easily than expected. In addition, the short distance (~6 km) between two large parallel faults
such as the AMF and the PF in relation to the fault locking depth (Figure 2) could influence their ability to
load simultaneously, the former being much more active than the other. This would favor the slip transfer
between the southern sections of the AMF and the LTF versus other nearby fault sections, such as PF-3,
whose evidence of Quaternary activity is uncertain (see the reliability ranking in Tables S2 and S3). Fur-
thermore, from a fully-dynamic point of view, we should consider that the jumping rupture between AMF
and LTF would depend on the previous stress conditions (Oglesby, 2008). Large stress changes produced by
the rupture of adjacent AMF sections, partially influenced by the variation of its orientation with respect
to regional stress field (Figure 1), could drive the arrest and renucleation of rupture by dynamic triggering
(e.g., Wollherr et al., 2019) at greater distances (to LTF, at least), rather than propagating through connect-
ed sections. Also note that the fault geometries can be more complex (secondary branches, stepovers, dip
changes at depth) than what we show in the fault model, conditioning the rupture transfer mechanisms
(Oglesby, 2008).

Previous studies evaluated the potential for rupture jumping between the faults of the EBSZ through differ-
ent approaches: by calculating the variation of static stresses (Alvarez-Gomez et al., 2018) and by statistical
analysis of potential rupture scenarios based on the slip rates of the faults (Gémez-Novell et al., 2020).
Gomez-Novell et al. (2020) suggest probable multifault ruptures between the CF and the PF on the one
hand and between the LTF, the CAF, and the BSF on the other, partially thanks to their kinematic compat-
ibility based exclusively on static stress transfer (Alvarez-Gémez et al., 2018). Our results from the phys-
ics-based simulations are in agreement with the resulting seismicity obtained by Gdmez-Novell et al. (2019),
as demonstrated by the similarity between the FMD curves for different sections of the fault system (Fig-
ure S2 of Supporting Information). Additionally, our physics-based model allows us to give more insight
into the rupture behavior and geometry, allowing to also consider partial ruptures of the fault lengths and
the possibility of a transferred rupture between the AMF and the LTF, when these sections were close to its
failure limit.

5.4. Advantages and Limitations of Physics-Based Modeling in the EBSZ

Modeling of earthquake processes based on time-dependent nucleation through the physics-based RSQSim
simulator, has allowed us to obtain a long synthetic seismic catalog from the EBSZ. As the instrumental and
historical earthquake record of the region barely covers a time period of 600 years (from the fifteenth centu-
ry to the present day), synthetic seismicity permits us to assess more comprehensive magnitude and recur-
rence statistics. In addition, it allows us to check the available data used in the 3D fault model: fault geom-
etry, deformation rates, kinematics, and frictional properties, evaluating its impact on regional seismicity.
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A limitation of our study is the noninclusion of small-size faults and off-fault complexities. For the RSQSim
code, simulated seismicity is geographically associated with the 3D faults of the model. By only modeling
the larger faults, we have not generated complete low background seismicity in this study. We acknowledge
some uncertainty in the results presented here derived from the complexities of the fault zone geometry,
especially for the lower magnitudes. For the purposes of this research, we have constructed a simple fault
system model, but it is open to future improvements for further analysis, especially regarding the rupture
transfer process.

Other limitations to take into account are the uncertainties associated with the input data, an inherent fea-
ture of areas with slow-moving faults, such as the EBSZ (Table 3). While some sections of the fault system
have been extensively studied, in others, such as PF-3, their knowledge is scarce and their expression raises
doubts (see Table S2 in Supporting Information for more detailed data about the accuracy of the parame-
ters). We have run multiple test simulations combining variations of input (frictional and strain) parame-
ters. These demonstrate that, although there are differences between the resulting catalogs, generally there
is no significant influence on the magnitude and recurrence statistics. Slip rates are what determine the
greatest variations in the models: for example, if the slip rate in PF was higher than estimated so far, a great-
er synchronization with contiguous faults and, consequently, a higher frequency of connected events would
be expected. In this study, we have considered the mean values of the estimations based on the available
publications (Tables 3 and S1), but further research on the little-known fault sections of the system (e.g.,
updated geodetic data) would help to improve the model and the configuration of pre-stress conditions.

As we explained in section 3.3 of Methodology, RSQSim makes a quasi-dynamic approximation to rupture
nucleation and propagation. During seismic rupture, no dynamic interactions (i.e., waveforms) and other
subsequent dynamic effects (e.g., ground motions and off-fault deformations) are performed. We deal with
the quasi-static limitations through the application of some modifications proposed by Richards-Dinger
and Dieterich (2012) for the code (see section 3.3) that try to emulate the time-space evolution of the rup-
ture controlled by dynamic interactions. In a fully dynamic context, the pattern of initial stresses, the fric-
tional law and the bulk rheology play a primary role in controlling rupture characteristics (e.g., Douilly
et al., 2015; Oglesby, 2008; Wollherr et al., 2019). In relation to the latter, the crustal properties are not fully
represented as half elastic space, particularly in continental crust. Viscoelastic relaxation (lower crust -
mantle) may influences time-space clustering in a different way that is represented in the model. The results
may also be oversimplified as there could be more complex ruptures with fault segments that are further
apart than those represented in the current model, and that are not accounted for with a static or quasi-dy-
namic approach. However, the results that we get with RSQSim are already pointing to insights that are
beyond what is observed in the historic record, and helping better understand the incomplete paleoseismic
record. So despite the limitations, the method can actually strongly contribute to better understanding seis-
mic hazard in the region.

Numerous probabilistic studies aimed at seismic hazard assessment are based on observed empirical fre-
quencies from seismicity data, often incomplete and insufficient (e.g., McGuire, 2008; Mulargia et al., 2017).
The disparity between seismicity behaviors over 100,000 years (Figure 8) and the variability of time between
earthquake clusters make us question the completeness methods. Long-term synthetic catalogs based on
the simulation of physical processes, in combination with probabilistic methods that incorporate uncertain-
ties into the models, would allow us to improve seismic hazard assessments in the Betic region with a better
estimation of worst-case scenarios and recurrence intervals.

6. Conclusions

The application of physics-based earthquake simulations to the Eastern Betic Shear Zone (EBSZ), the main
active fault system in the Eastern Betic Cordillera (SE Iberian Peninsula), has allowed the compilation of
100 kyr synthetic seismic catalogs. The RSQSim earthquake simulator code used in this research reproduces
the earthquake processes based on the 3D fault geometry, the kinematics, the long-term slip rates and the
rate-and-state friction properties. The long-term synthetic seismicity obtained overcome the limitations of
the historical earthquake catalog, which is scarce and imprecise compared to the long interseismic periods
that characterize the slow-moving faults of the region.
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The best-fit simulated catalog obtained in this study statistically matches the observed scaling relations and
the mean recurrence time intervals estimated from paleoseismic data. The synthetic catalog shows that the
seismogenic sources with the greatest number of nucleated events are the Alhama de Murcia fault (AMF)
and the Carboneras fault (CF). This fact is due to > 1 mm/yr slip rates estimated in some of the their sec-
tions and possibly because of the predominant strike-slip kinematics that seems to favor the propagation
of the rupture.

According to the synthetic model, only about 10% of the simulated events have a magnitude greater than
My, 5.0 but all faults in the fault system are capable of generating My > 6.0 earthquakes over a period of
100,000 years. The synthetic catalogs show various My > 7.0 events in the AMF (max. My 7.4) and the
CF (max. My 7.6), with interevent times of between 5,000 and 40,000 years, and one My 7.1 event in the
Bajo-Segura fault (BSF). The Carrascoy fault (CAF), located to the NE of the fault system, like the BSF and
with a very similar magnitude distribution, records a maximum synthetic earthquake of My, 6.9. The phys-
ics-based simulator reproduces less seismicity in the Palomares fault (PF) and in the Los Tollos fault (LTF),
with maximum simulated magnitudes of My 6.7 and My, 6.6, respectively. Although the large My, > 6 earth-
quakes in the EBSZ would have interevent times of a few thousand (in the case of AMF and CF) to tens of
thousands of years, the 5 < My, < 6 earthquakes, which have been quite destructive recently in this region,
could occur over time intervals of less than 1000 years.

The multicycle simulations performed in this study suggest the possibility of large earthquakes capable of
propagating through various sections and faults of the system. All seismic sources of the EBSZ are theoret-
ically capable of propagating the rupture beyond the section where the earthquake is nucleated. However,
we propose that only the AMF, the CF, the CAF, and the LTF are capable of generating a complete rupture
of the fault. The synthetic seismicity model suggests that the most probable generation of large Mw > 6.7
earthquakes in the EBSZ would be as a consequence of “jumping” ruptures between nearby faults of the
system. The simulated catalog shows joined ruptures (not necessarily implying complete rupture of both
faults) between the CF and the southern PF with a recurrence time of less than 20,000 years; and less fre-
quently between the AMF with the LTF and the northern PF by stress transfer. Despite the lower activity,
the LTF seems to have a role of linkage between the other faults of the EBSZ, since we observe that it is
involved in most of the multifault ruptures.

The great variability of interevent times observed along successive seismic cycles and the strong influence
of the time frame support that slow areas that seem to be “muted” during historical times may be just in a
period of quiescence but not be inactive. These observations, together with the possibility of complex rup-
tures jumping between faults, suggest not dismissing the occurrence of larger earthquakes than the low to
moderate magnitudes recorded in the scarce earthquake catalog when assessing regional seismic hazard at
SE Spain.

Appendix A: RSQSim Simulator Equations

In this study, we have applied the quasi-dynamic earthquake simulator code RSQSim (Dieterich & Rich-
ards-Dinger, 2010) to run simulations with the objective of obtaining the synthetic seismicity of the EBSZ.
RSQSim is based on a formulation initially developed by Dieterich (1995) with several later enhancements.
This project is in current development.

In RSQSim, the frictional shear stress, 7, normal stress, o, slip speed, V, and state variable, 6, on each model
element are related by the following constitutive relation:

T=0 #o+aln{1*j+bln v , (A1)
v D¢

where a and b are rate-and-state dimensionless coefficients, V* is a reference slip speed, Dc is the charac-
teristic distance for slip evolution (10~ m in this study), and y, is the steady-state friction coefficient at the
reference slip speed and constant normal stress.
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This constitutive relation is combined with the aging form of the state evolution equation that includes the
effects of normal stress dependence:

G-1- _,%

De o (A2)

where a is a dimensionless constant (typical laboratory values: 0.25-0.5; in this study, 0.25).
RSQSim also uses 3D elastic dislocation equations (e.g., Okada, 1992) to control stress interactions among
fault elements. The shear and normal stress, for each i — th fault element are given by:
o= KV, + 4, (A3)
and
- tect

6; = KV, + 6, (A4)

where K7 and K7 are stiffness matrices derived from elastic interaction solutions; and 7/’ and ;"

sent tectonic stressing rates.
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