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Abstract. Probabilistic seismic hazard assessment (PSHA),
despite its deep criticism, is still the most common tool used
to decide on the acceptable seismic risk and corresponding
mitigation measures. We propose two consistency tests to ad-
dress the variability of earthquake generation models found
in PSHA studies: (i) one rule-of-thumb test where the seis-
mic moment release from the model is converted to an av-
erage slip on a typical fault and compared with known plate
kinematics or GNSS deformation field and (ii) a test where
using a neotectonic model the computed deformation is con-
verted into seismic moment release and to a synthetic earth-
quake catalogue. We apply these tests to W and SW Iberia
slowly deforming region, where two earthquake source ar-
eas are investigated: (1) the Lower Tagus Valley, one of
the largest seismic risk zones of Portugal; and (2) the off-
shore SW Iberia area, considered to be the source for the
1 November 1755 event (M ~ 8.7). Results show that some
of the earthquake source models should be considered suspi-
cious, given their high/low moment release when compared
to the expected values from GNSS observations or neotec-
tonic modelling. This analysis allowed for a downgrade of
the weight of poorly compliant models in the PSHA analy-
sis, and thus for a more realistic hazard assessment, and can
be integrated in other studies of similar settings.

1 Introduction

In earthquake-prone areas modern societies with limited
available resources must decide on the level of acceptable
risk to define the appropriate mitigation measures. Proba-
bilistic seismic hazard assessment (PSHA) is the most com-
mon tool used by decision makers to attain this equilibrium
between risk and protection. Many PSHA studies have been
conducted for emergency planning, for land use manage-
ment, or to help establishing or revising building codes. En-
gineers use PSHA to help define the ground motion levels in
building codes that will avoid failure or collapse of structures
in the event that some expected earthquake occurs. PSHA
was established by Cornell (1968) and since then has seen a
large evolution and widespread application. PSHA is a tech-
nical methodology in seismology, but its use has political and
economic constraints that must be addressed by society as a
whole.

PSHA, in its simpler description, provides the probability
that a given level of ground motion, Uy, may be exceeded
at a given location in a specific time period 7, usually taken
as the lifetime of the structures concerned. For a single site
with a single earthquake source at a fixed distance, the result
of PSHA is the product of two probabilities (e.g. Frankel,
2004),

P(U = Uo|T) = P(EIT)- P(U = Up|E). ey

Here P(E|T) is the probability that the earthquake occurs
during the time period T, and P(U > Up|E) is the proba-
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bility of ground shaking exceeding the reference value Uy if
the earthquake occurs. This simple description is useful since
it splits the PSHA work in two different problems. The first
factor is controlled by our knowledge of earthquake gener-
ation, while the second factor is addressed by the choice of
ground motion prediction equations (GMPEs) and its associ-
ated uncertainties. One full PSHA study must consider all the
possible earthquake sources affecting each site, and Eq. (1)
becomes an integral of all possible contributions.

Despite PSHA limitations and flaws (e.g. Stein et al.,
2012; Mulargia et al., 2017) it is the still most used method
by society and the scientific community, and this work in-
tends to be a contribution to its improvement. One of the
evolutions suffered by PSHA studies and now recognized as
essential is the evaluation of the uncertainties in the results
(e.g. Stein and Stein, 2012). One contribution to the uncer-
tainty of PSHA outputs results from our incomplete knowl-
edge of the earthquake generation and propagation mecha-
nisms. This lack of knowledge can be classified as aleatory,
the uncertainty in random effects, and epistemic, the uncer-
tainty in knowledge (uncertainty about the best model to use
in PSHA computations when several models are possible).
Uncertainties are already included in standard PSHA, where
GMPEs are defined as statistical laws and the standard devi-
ation of the logarithm of the predicted parameter is usually
computed. Aleatory uncertainties in other parameters can be
included by Monte Carlo simulations, and epistemic uncer-
tainty is depicted through a logic tree, where each alternative
model is ascribed some weight for PSHA computation. It is
important to say that the weighting factors are usually as-
signed subjectively, often using expert opinion.

As pointed out by several authors (e.g. Stein et al., 2012;
Mulargia et al., 2017) recent large earthquakes have occurred
in areas where the seismic hazard was considered low or they
caused ground shaking much greater than the one expected
by PSHA studies. These events have demonstrated the weak-
nesses of PSHA and a deficit in the evaluation of its uncer-
tainties. Mulargia et al. (2017) point out that PSHA assumes
that frequencies of past earthquakes can be conflated with
probabilities of future earthquakes but that this assumption
appears to be incorrect. All researchers should be aware of
this issue. While Mulargia et al. (2017) advocates the com-
plete abandonment of PSHA, Stein et al. (2012), while ques-
tioning the foundations of PSHA, suggested two changes to
PSHA to improve its practice. The work presented in this
paper is a contribution to the improvement of PSHA studies
particularly suited for slowly deforming regions that we con-
sider to follow one of Stein et al.’s (2012) suggestions: “ob-
jective testing to compare their predictions to those of null
hypotheses”.

The results of the PSHA studies are expressed as a statis-
tical parameter on the exceedance probability for the ground
motion parameter chosen. Results from different studies can
only be compared if the final parameters to express PSHA are
the same (e.g. peak ground motion with 10 % probability of
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being exceed in 50 years). When comparable, the differences
among different studies’ results can be huge. This brings con-
fusion and uncertainty to the users of these studies, who use
results for emergency management or land use planning and
question the foundations for establishing or revising building
codes. This large diversity is usually ascribed to the large un-
certainty on the second term of Eq. (1), the uncertainty and
differences in the ground motion prediction equations (GM-
PEs) used in the studies. However, there is also a large diver-
sity on the earthquake generation models (first term of Eq. 1)
and on the ways that the related uncertainties are assessed,
but their consequences on the final PSHA results are difficult
to assess and usually overlooked.

In this paper, we address the first factor of Eq. (1), the
earthquake generation process, and propose a methodology
to evaluate and validate earthquake generation models that
are used for PSHA studies. This methodology is applied to
western Iberia (Fig. 1), which is the source area of the largest
earthquakes felt in Europe since year 1000. This area can be
considered a typical example of slowly deforming regions
(SDRs) where the instrumental and historical catalogues are
incomplete when compared to the large (and uncertain) re-
turn periods of the large earthquakes and where active faults
are challenging to identify since erosional processes exceed
the tectonic activity. Furthermore, reverse faults may develop
as splays or blind thrusts that rarely reach the surface. There-
fore, SDRs are the most challenging domains to make PSHA
studies and where they are more likely to fail. However, if it
is possible to measure or estimate the rate of strain accumu-
lation, then the earthquake generation models used in PSHA
that exceed that rate or that are far below should be consid-
ered suspicious and its likelihood degraded accordingly.

Despite the recent failures and criticisms on PSHA and
its foundations, we consider that the earthquake generation
models used in PSHA studies can be evaluated using the elas-
tic rebound principles; i.e. earthquakes are generated by ac-
cumulated strain in the lithosphere. We understand that even
this basic postulate can be criticized, but global studies (Bird
and Kagan, 2004) demonstrated that seismic coupling coef-
ficients can be reliably computed for plate boundaries from
the comparison of relative plate velocity and seismic moment
release.

In more active areas, like subduction zones, a more com-
plex interplay between seismicity and strain is possible.
Carafa et al. (2018) investigating the Calabrian Arc proposed
that the low strain rates observed by GPS together with large
seismic moment release may be explained by a model with
high interseismic coupling and low seismic coupling of the
subduction interface. Meaning that some of the regional seis-
mic strain is released by slow earthquakes that could induce
clustered normal fault events on the upper plate.

Strain rates can result from tectonic stresses due to plate
motions (near or far from plate boundaries), can result from
glacial isostatic adjustment (GIA, Peltier et al., 2015) or
may be due to gravity potential energy (GPE) differences.
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Figure 1. Geodynamic setting of the investigated area. (a) Seismicity in and around Europe. Yellow dots show earthquake epicentres with
M > 5.0 from ISC (2018) for the period 1900-2018. Red stars show epicentres of events with M > 8.0 according to the European instrumental
(Griinthal and Wahlstrom, 2012) and historical catalogues (Stucchi et al., 2013). (b) The plate boundary setting of the studied area. The light-
yellow domain indicates a diffuse plate boundary. (¢) Active and probable active faults identified in the western Iberian mainland and offshore

areas (modified from Cabral, 2012 and Duarte et al., 2013).

GPE contribution to the state of stress in Iberia was evalu-
ated by Neres et al. (2018), and they conclude that GPE is
a second-order effect that is mostly identified in high-relief
areas, like the Pyrenees and Cantabria mountain ranges. In
this work, we consider that in the investigated domains of W
and SW Iberia, earthquakes are generated only by tectonic
stresses controlled by the horizontal strain rate. If the strain
rate is estimated, it can be used as a scale to compare with
the earthquake generation models that are proposed in PSHA
studies, thus providing a geodynamic constraint. We argue
that the proposed methodology should be implemented in
PSHA studies as a sanity test for competing earthquake gen-
eration models, in particular for other areas of the globe char-
acterized by slow and/or diffuse deformation.

In the paper the term “sanity check” is used with the
same meaning that was used, for example, for probabilistic
tsunami hazard assessment in Basili et al. (2021). It means
that the model predictions are tested (validated) against ob-
servations and/or independent parameter estimates.
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2 Geodynamic setting

The tectonic activity affecting western and southwestern
Iberia is mainly caused by the slow convergence between
Eurasia and Africa (Nubia) plates at a rate ~4mmyr~! (e.g.
Fernandes et al., 2003, Fig. 1a; Neres et al., 2016). The rel-
ative plate movement is accommodated by several tectonic
features in what can be considered a diffuse plate boundary
(e.g. Duarte et al., 2013; Neres et al., 2016, Fig. 1c). De-
spite the slow convergence rate, SW Iberia has been the lo-
cus of the largest-magnitude earthquakes that destroyed Eu-
rope, like the 28 February 1969 (M, = 8.0, Griinthal and
Wahlstrom, 2012) and the 1 November 1755 Lisbon earth-
quake with magnitude of 8.7 (Stucchi et al., 2013, Fig. 1a).
The tectonic complexity of the area is compounded by an-
other stress engine that has been invoked to affect SW Iberia,
namely the westward movement of the Alboran domain,
driven by subduction rollback in the Gulf of Cadiz (e.g.
Neres et al., 2016, and references therein). The tectonic
stresses generated by the plate convergence and slab rollback
propagate inland, generating also some significant earth-
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quakes, like the 23 April 1909 earthquake with M ~ 6.1 (e.g.
Teves-Costa et al., 2019).

Western and southwestern Iberia are usually considered
one stable continental region (SCR) onshore domain (John-
ston, 1989) in the sense that the most recent active tectonic
event, the Alpine orogeny that led to the formation of the
Pyrenees and the Betics in Iberia, attained its activity peak in
Eocene and Miocene times (e.g. Terrinha et al., 2019). In W
and SW Iberia, the Alpine orogeny resulted in the inversion
of Meso-Cenozoic basins in central Portugal (the Lusitanian
Basin) and in southern Portugal (the Algarve Basin) with a
geographically limited expression (ibid.). The current tec-
tonic activity observed inland is thus typical of slowly de-
forming regions (Custddio et al., 2015) with fault slip rates
smaller than 1 mmyr—!.

Geologists consider as active faults the structures that
show evidence of recent displacement (geological, geophysi-
cal, historical) so that new displacements may be expected in
the future. In W and SW Iberia, the slip rate measurements in
the identified active faults are small, from 0.005 mm yr_1 toa
maximum of 0.2 mm yr_l (Cabral, 1995, 2012). This implies
that the classification of tectonic features as active is very
conservative. Any structure showing activity since the upper
Pliocene or Quaternary is considered to be active (roughly
since the last 3 Myr, Fig. 1c). In the offshore domain, closer
to the plate boundary between Eurasia and Africa (Nubia),
the identified active or probable faults (Duarte et al., 2013,
Fig. 1c) display evidence of more recent activity, probably
since the Holocene (last 10 ky).

The last decade has seen a considerable improvement in
the seismic monitoring network allowing for a very detailed
location of earthquakes to magnitudes down to 1 (Custédio
et al., 2015). The seismicity pattern that emerged from the
more recent and best-located events shows that most of the
earthquakes occur in clusters and seismic belts roughly ori-
ented NNE-SSW and WNW-ESE. However, the relation-
ship between these events and geologically mapped faults re-
mains elusive (ibid.) in most cases, even after a 3D relocation
using a regional tomographic model (Veludo et al., 2017).
In offshore SW Iberia, the source area for the large 1755
and 1969 magnitude earthquakes (Fig. 1a), seismicity relo-
cated by ocean bottom seismometers (OBSs) has shown that
most of the small-magnitude events are occurring at mantle
depths, down to 50 km focal depths, again without a clear re-
lationship with the known active tectonic features identified
by geological and geophysical surveys (Geissler et al., 2010;
Grevemeyer et al., 2016; Silva et al., 2017).

Despite the high detail of the tectonic map in the Gulf of
Cédiz, SW Iberia, that resulted from the extensive investiga-
tion by geological and geophysical surveys (e.g. Duarte et al.,
2013, Fig. 1c), the origin of the 1 November 1755 destruc-
tive earthquake and tsunami remains uncertain with several
proposals made by different authors (see Ribeiro et al., 2006,
for a revision). The other large earthquake originated in the
region, the 28 February 1969 (M, = 8.0) event, despite the
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well-constrained epicentre, focal depth and source mecha-
nism (Fukao, 1973), could not be ascribed to any active fault
identified in the area (Martinez-Loriente et al., 2013).

3 Earthquake generation models used in PSHA studies
for W and SW Iberia

Probabilistic seismic hazard assessment studies have been
used in the last decades in W and SW Iberia as a tool for
emergency planning, for land use management and as an
input to be considered in the elaboration of building codes
(e.g. Vilanova and Fonseca, 2007; Campos Costa et al.,
2008; Mezcuaet al., 2011; IGN-UPM, 2013; Woessner et al.,
2015). Some of these studies had a global scope, like the
GSHAP (Giardini, 1999) or the 2013 European Seismic Haz-
ard Model (ESHM13, Woessner et al., 2015, Fig. 2a); oth-
ers were conducted to support the elaboration or revision of
national building codes (Campos Costa et al., 2008; IGN-
UPM, 2013, Fig. 2b). For land use management and emer-
gency planning, more local and regional studies have been
conducted (e.g. for Portugal, Carrilho et al., 2010; Matias
and Teves-Costa, 2011a, b; for SE Spain, Rivas-Medina et al.,
2018). All the above-mentioned PSHA studies use different
earthquake generation models with a common feature, time
independence. In active seismic zones, such as those associ-
ated with subduction, or in areas where there is almost com-
plete knowledge of the active structures, it is possible to carry
out PSHA studies in which the earthquake recurrence is a
function of time. This is not true for the slowly deforming
region of W and SW Iberia.

Another consequence of the geodynamic setting of the
study area is that the preferred earthquake source model is
the zone source where earthquakes are assumed to occur
with a uniform probability anywhere inside the area con-
sidered. This approach is justified for the onshore domain
where the known fault slip rates are very low (see Sect. 2).
On the offshore domain the plate boundary is complex with-
out a clear relationship between current seismicity and the
tectonic faults identified by geological and geophysical cam-
paigns (e.g. Zitellini et al., 2009; Custddio et al., 2015; Neres
et al., 2016), as detailed in Sect. 2. Recently, in smaller do-
mains where the fault geometry and activity are considered
to be well known, like in SE Spain, a mixed source model
has been proposed (Rivas-Medina et al., 2018), where the
earthquake potential is distributed between the faults and the
zone. This is an exceptional case that cannot be extended to
the whole W and SW Iberia.

The choice of the source generation zones for PSHA
is made using geological criteria, distribution of active
faults, nature and thickness of the crust, and geophysical
criteria, such as earthquake epicentre distribution, location
and macroseismic fields of historical earthquakes. However,
there is no common agreement on the geological and geo-
physical information to be used, nor on the weight that is ap-
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Figure 2. Seismic hazard maps expressed as peak ground accelera-
tion (PGA) expected to be exceeded in 50 years with 10 % probabil-
ity. (a) From the ESHM13 model by Woessner et al. (2015), units
scaled to gravity acceleration (g =9.8 ms_z). (b) From the PSHA
study used in Portugal for the revision of the building codes accord-
ing to EC8 guidelines (Campos Costa et al., 2008), units in centime-
tres per second squared (cm s72). Type 1 refers to a “far” (offshore)
source, while type 2 refers to a “near” source. These maps show
the inconsistency of PSHA models, as two options for the chosen
models.

plied to each criterion, resulting in a wide diversity of source
zones for W and SW Iberia (Fig. 3).

On each source zone, the earthquake recurrence is ex-
pressed by the double truncated Gutenberg—Richter law
(DTGR)

e_ls(m_mmin) — e_ﬁ(mmax_mmin)

N(m) = A

, @

1 — e—B(Mmax—Mmin)

where N (m) = A,, is the number of earthquakes with magni-
tude >m per year, mp;, is the minimum magnitude to be
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considered, A is the number of earthquakes per year with
magnitude > mmpin, a and b are the usual parameters for
the Gutenberg—Richter law, log(N (m)) =a —bm. a can re-
fer to m = mmpin or to m = 0. In the first case we have A =
10¢~bmmin I the second case we have A = 104 = ¢%, with
a =aln(10). mpax is the maximum magnitude considered
for the source zone, and B is the asymptotic slope for the
DTGR law. 8 =b1n10.

The definition of earthquake recurrence on each source
zone requires the definition of the set of parameters (mpip,
Mmaxs &, B) OF (Mmin, Mmax, @, b). These parameters are esti-
mated by criteria defined on each PSHA study and may vary
considerably depending on the choice of the earthquake cata-
logues to use (instrumental and historical, declustered or not,
and declustering methods), the methods used to obtain the
(a, b) from an incomplete seismic catalogue (least squares,
maximum likelihood, etc.) and the approach used to define
the maximum magnitude to be considered.

Some of the PSHA studies mentioned above do not con-
sider the uncertainty in the definition of the earthquake gen-
eration model (zoning and earthquake recurrence); others
consider that different models can be accepted with some
weights, with uncertainty assessed by the logic tree method
(e.g. Vilanova and Fonseca, 2007; Woessner et al., 2015); and
others also consider that the DTGR parameters have a statis-
tical uncertainty that is assessed by Monte Carlo simulations
(e.g. IGN-UPM, 2013; Gaspar-Escribano et al., 2015).

In this paper we will not discuss or compare the method-
ologies used in defining the earthquake generation models
that have been published for W and SW Iberia. Instead, we
will use the published parameters to make a sanity check by
comparing the seismic moment release that results from them
with the presumed tectonic deformation. For this investiga-
tion we consider five different PSHA studies: (i) the study
used in Portugal for the revision of the building codes accord-
ing to EC8 guidelines (Campos Costa et al., 2008; hereafter
referred to as ECS), (ii) the regional study by Carrilho et al.
(2010) used for emergency management in southern Portu-
gal (hereafter referred to as ERSTA), (iii) the European scale
ESHM13 model by Woessner et al. (2015) (hereafter referred
to as SHARE), (iv) the local study by Matias and Teves-Costa
(2011a,b) used for emergency management in Lisbon and
Cascais (hereafter referred to as QREN), and (v) the Vilanova
and Fonseca (2007) study used for the evaluation of seismic
risk in mainland Portugal by Silva et al. (2015) (hereafter re-
ferred to as VF2007). We will concentrate our efforts only
on two earthquake generation zones: the one that affects Lis-
bon, for the high risk implied and because it is the area where
large differences in PSHA are evident (Fig. 2); and the off-
shore domain in the Gulf of Cadiz that is considered by dif-
ferent studies as the source area for the M ~ 8.7 1 November
1755 earthquake.
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Figure 3. Seismogenic zones proposed for the five PSHA studies analysed in this work. The zones corresponding to Lower Tagus Valley
(LTV) sources and 1755 earthquake selected for sanity check are outlined in black. (a) The National Annexes of Eurocode 8 (EC8), adapted
from Campos Costa et al. (2008). (b) The ERSTA study, adapted from Carrilho et al. (2010). (¢) The SHARE study, adapted from Woessner
et al. (2015). (d) The QREN study, adapted from Matias and Teves-Costa (2011a,b). (e,f) Adapted from the Vilanova and Fonseca (2007)
study. Panel (e) is seismic zonation SA and panel (f) is seismic zonation SB.
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3.1 The EC8 model

In 2006, for the preparation of the National Annex of Eu-
rocode 8 (project regulation for the construction of struc-
tures for earthquake resistance), the seismic hazard was as-
sessed considering 11 seismogenic zones for mainland Por-
tugal (Fig. 3a), and the PSHA results for mainland Portugal,
the Azores archipelago and the Madeira archipelago are pre-
sented in Campos Costa et al. (2008). For mainland Portugal
the main criterion used for the definition of seismic source
areas was the distribution of historical and instrumental seis-
micity, with seismotectonic considerations as secondary cri-
teria.

The details of the seismogenic zoning can be found in
Sousa (1996), but, in general, the outlined zones fall into two
wide categories: interplate zones (zones 6, 7 and 9 of Fig. 3a),
which originate earthquakes with an epicentre mainly located
on the plate, and the intraplate zones, which originate earth-
quakes with an epicentre located predominantly inside the
Eurasian plate (zones 1, 2, 3, 4, 5, 8, 10 and 11 of Fig. 3a).
The parameters that characterize these zones were obtained
after studying the completeness of the catalogue (where the
minimum magnitude is defined), considering earthquakes
with a magnitude equal to or greater than 3.5.

3.2 The ERSTA model

For the project ERSTA, Estudo do Risco sismico e de
Tsunamis do Algarve, financed by the Portuguese Civil Pro-
tection Authority (ANEPC), a concerted work was carried
out by several national entities that, after reviewing the seis-
mic, tectonic and geological information of the Algarve re-
gion, allowed the redesign of the seismogenic zones (15
zones in total) that potentially affect the region (Carrilho
et al., 2010). These zones are shown in Fig. 3b. With the idea
of considering seismic hazard for the entire continental terri-
tory and in the scope of other local studies (Jeremias et al.,
2012), four more seismogenic zones were defined, modelled
by large areas due to the difficulty in connecting the epicen-
tres to the mapped faults in the neotectonic map.

A completeness study was carried out (Rodrigues et al.,
2009) for the new seismic catalogue, reviewed by the IPMA
(Instituto Portugués do Mar e da Atmosfera), and the parame-
ters that characterize these areas were determined (Rodrigues
et al., 2009; Jeremias et al., 2012). In this model of seis-
mic sources, area B (Fig. 3b) is part of the Cenozoic basin
of the Lower Tagus Valley, and zone J comprises the Horse-
shoe Fault, the Marqués de Pombal Fault and the Sdo Vicente
Fault. In area J some of the most important earthquakes were
generated, such as the one on 28 February 1969 and, most
likely, the one on 1 November 1755.

https://doi.org/10.5194/nhess-22-117-2022

3.3 The SHARE models

In 2013, the European Seismic Hazard Model (ESHM13) re-
sulted from a probabilistic hazard assessment supported by
the EU-FP7 project SHARE (2009-2013). The ESHM13 is a
consistent seismic hazard model for Europe and Turkey that
overcomes the limitation of national borders and includes a
complete quantification of uncertainties. It is the first com-
plete contribution to the initiative called the Global Earth-
quake Model. And it can serve as a reference model for vari-
ous applications, from preparing for an earthquake to strate-
gies to mitigate seismic risk (Woessner et al., 2015) and, ac-
cording to Carvalho and Malfeito (2016), to serve as the basis
of the review of the National Annexes of Eurocode 8. Fig-
ure 3c shows the source areas defined for W and SW Iberia
by the SHARE project.

The earthquake recurrence laws used by SHARE, namely
the a and b parameters of the Gutenberg—Richter law and
the maximum magnitude for each zone, were proposed with
an integrated and homogenization perspective of the model
across Europe. In this project, the epistemic uncertainties of
the model components and the hazard results were accounted
using a logic tree (Woessner et al., 2015). On each zone three
values for the maximum magnitudes were considered — mini-
mum, mean and maximum — that we incorporate in our sanity
check evaluation as SHAREmin, SHAREmed and SHARE-
max, respectively.

3.4 QREN model

The seismic zonation referred to in this model was estab-
lished in the study carried out for the Assessment of Natural
and Technological Risks in the city of Lisbon, named QREN
(Quadro de Referéncia Estratégico Nacional). In that work
(Matias and Teves-Costa, 2011a, b), the determination of the
earthquake recurrence parameters was obtained considering
the working earthquake catalogue declustered and decom-
posed into one historical catalogue and three instrumental
catalogues, selected according to the completeness magni-
tude estimated. The definition of the source areas took into
consideration both the seismic activity and the distribution
of the main active tectonic structures identified in the main-
land territory of Portugal (Teves-Costa et al., 2001). Thus, it
was proposed to distinguish eight seismogenic zones (Matias
and Teves-Costa, 2011a, b) shown in Fig. 3d.

In this model, the earthquake recurrence model was ob-
tained using the HA2 application developed in MATLAB
by Andrezej Kijko (Kijko and Sellevoll, 1992; Kijko, 2004).
The HA?2 application combines information from several cat-
alogues, using a Bayesian model, applying a Poisson—gamma
distribution for the occurrence of earthquakes in time and an
exponential-gamma distribution for the magnitude distribu-
tion. The determination of my,x magnitude is obtained by an
iterative process, with the parameters A and B obtained by
maximum likelihood. The HA2 algorithm results in a proba-
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Figure 4. Logic tree used for hazard calculation. The weight of each
branch is shown in square brackets (modified from Vilanova and
Fonseca, 2007).

bility distribution that does not follow exactly the DTGR, and
thus to make it comparable with the others, a fit to DTGR had
to be made.

3.5 The Vilanova and Fonseca (2007) models

Vilanova and Fonseca (2007) presented two proposals for
dividing the territory into seismogenic zones: SA and SB
(Fig. 3e and f). SA encompasses 11 seismogenic zones cho-
sen based on seismicity criteria: in regions with moderate to
large local historical earthquakes, the boundaries of the seis-
mogenic areas follow the VII (MMI scale) isoseismal consid-
ering that the area delimited by this relatively higher damage
distribution includes most probably its geological source. In
all other regions the source zones encompass areas of diffuse
seismicity. The SB proposal consists of eight seismogenic
zones adapted from Peldez and Lépez Casado (2002).

Vilanova and Fonseca (2007) used a logic tree scheme
to deal with epistemic uncertainties on ground motion pre-
diction equations, source areas, the catalogue used, the type
or earthquake recurrence, and the maximum magnitude. For
the sanity check we deal only with the parameters that in-
fluence the earthquake recurrence, which are the ones pre-
sented in Fig. 4. Considering all possible branches, we will
test 32 zoning and earthquake recurrence combinations. Each
branch will be identified by its components, SA or SB, RA
or RB, al (M >4.0) or a2 (M > 4.6), and max(0 or max+.
When referred to collectively, these models will be identified
as VF2007.

3.6 Synthesis of earthquake recurrence models to be
tested

For the five analysed PSHA studies we selected from each
one the source zones that correspond to the LTV and 1755
areas to be investigated (outlined in black in Fig. 3). The
respective recurrence model parameters are summarized in
Tables 1-4.
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Table 1. Earthquake recurrence parameters (a, b, mmax) for the
Lower Tagus Valley (LTV) source zone from four of the models
investigated. @ and b are constants, and mmax represents the maxi-
mum magnitude.

Lower Tagus Valley (LTV)

Model a b Mmax
ECS8 241 071 7.2
ERSTA 3.03 0.79 7.1
SHAREmin 34 0.9 7.1
SHAREmed 34 0.9 7.4
SHAREmax 34 0.9 7.6
QREN* 246 0.88 6.87

* Best fit to DTGR law.

Table 2. Earthquake recurrence parameters (a, b, mmax) for the
Lower Tagus Valley (LTV) source zone for the 16 combinations
(column “Sub-models”) in the logic tree proposed by Vilanova and
Fonseca (2007). Each combination has, in addition, two possible
maximum magnitudes, resulting in 32 possible recurrence models.
Note that @ and b are constants and mpyax represents the maximum
magnitude.

Lower Tagus Valley (LTV)

Model Sub-models a b Mmax  Mmax +0.5
Vilanova SA (1) SA-CA-RA-al 2.88 0.94 6.9 7.4

(2) SA-CA-RA-a2  3.03

(3) SA-CB-RA-al 2.74  0.89

(4) SA-CB-RA-a2 2.92

(5) SA-CA-RB-al 331 1.02

(6) SA-CA-RB-a2 3.42

(7) SA-CB-RB-al 324 099

(8) SA-CB-RB-a2  3.40
Vilanova SB  (9) SB-CA-RA-al 2779 091 7.1 7.6

(10) SB-CA-RA-a2  2.57
(11) SB-CB-RA-al 279 091
(12) SB-CB-RA-22  2.57
(13) SB-CA-RB-al ~ 3.53  1.00
(14) SB-CA-RB-22  3.67
(15) SB-CB-RB-al ~ 3.58 1.02
(16) SB-CB-RB-a2 ~ 3.70

SA/SB - relative to the zonation used; CA/CB — relative to the catalogue used; RA/RB — recurrence
model used; the al values were calculated for m > 4.0 and the a2 for m > 4.6; considering two values
of maximum magnitude.

4 Methodologies to evaluate the consistency between
tectonic and seismic deformation

There are two main ways of modelling lithospheric defor-
mation: the kinematic approach and the dynamic approach.
In kinematic modelling long-term horizontal velocity field
is constrained by simultaneously inverting all available geo-
physical information, such as GPS-derived velocities and
stress data records. Models of this type rarely explain the
fundamental tectonic mechanisms and leave no independent
data sets available for postprocessing testing. Because kine-
matic modelling emphasizes the role of geodetic data, it is
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Table 3. Earthquake recurrence parameters (a, b, mmax) for the
1755 source zone from four of the models investigated. Note that a
and b are constants and mmax represents the maximum magnitude.

1755 source zone

Model a b mmax
EC8 270 0.72 8.8
ERSTA 244 0.62 8.7

SHAREmin 4.0 0.9 8.5
SHAREmed 4.0 0.9 8.7
SHAREmax 4.0 0.9 8.8
QREN* 313 092 8.9

* Best fit to DTGR law.

Table 4. Earthquake recurrence parameters (a, b, mmax) for the
1755 source zone for the 16 combinations (column “Sub-models™)
in the logic tree proposed by Vilanova and Fonseca (2007). Each
combination has, in addition, two possible maximum magnitudes,
resulting in 32 possible recurrence models. Note that a and b are
constants and mmax represents the maximum magnitude.

1755 source zone

Model Sub-models a b Mmax  Mmax +0.5
Vilanova SA (1) SA-CA-RA-al 4.14  1.03 8.5 9.0

(2) SA-CA-RA-22  4.12

(3) SA-CB-RA-al 377 094

(4) SA-CB-RA-a2 3.72

(5)SA-CA-RB-al 455 1.13

(6) SA-CA-RB-a2  4.63

(7) SA-CB-RB-al 446 1.10

(8) SA-CB-RB-a2 4.53
Vilanova SB  (9) SB-CA-RA-al 378 0.94 8.5 9.0

(10) SB-CA-RA-a2  3.72
(11) SB-CB-RA-al  3.77 0.94
(12) SB-CB-RA-a2  3.70
(13) SB-CA-RB-al 435 1.09
(14) SB-CA-RB-a2  4.34
(15) SB-CB-RB-al 445 1.12
(16) SB-CB-RB-22  4.45

SA/SB - relative to the zonation used; CA/CB - relative to the catalogue used; RA/RB — recurrence
model used; the al values were calculated for m > 4.0 and the a2 for m > 4.6; considering two values
of maximum magnitude.

often the preferred method for modelling on-land deforma-
tion (Bird, 2009; Carafa et al., 2020). However, it does not
allow consistent estimation of the offshore long-term defor-
mation, where the subjective choice of the active faults to
insert into the model strongly determines the localization of
deformation, with negligible influence left to other geophys-
ical data. On the other hand, in the dynamic modelling ap-
proach the stress equilibrium equation is solved using esti-
mated rock rheologies, layer thicknesses and boundary con-
ditions; i.e. the velocity field is calculated from the known
structure and physics of the Earth. In this case, several data
sets —e.g. geodetic velocities, fault slip rates, seismic activity
and stress directions — can be used to assess the accuracy of
the model predictions (Neres et al., 2016).
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Figure 5. Simple earthquake generation model used to calculate the
seismic strain rate. A is the area of the fault, L is the length of the
fault, H is the thickness of the seismogenic layer and « is the dip of
fault (Matias and Teves-Costa, 2011a, b).

In this work, we propose two tests on the earthquake re-
currence models used to make PSHA studies, one simple,
rule-of-thumb type and the other based on numerical mod-
elling. Both relate the seismic moment release predicted by
the models and the knowledge of lithospheric deformation
inferred from dynamic modelling and geological and geode-
tic observations.

4.1 Simple consistency test

For the application of the simple consistency test, the dou-
ble truncated Gutenberg—Richter law is used, and the seismic
strain is converted into a relative velocity between blocks, in
millimetres per year (mmyr~!), as in Bird and Kagan (2004)
and Mazzotti et al. (2008). The obtained values should be
compared with the convergence rate between the Nubia and
Eurasia plates, with a relative velocity of ~4mmyr~! (Fer-
nandes et al., 2003). For this purpose, a simplified seismic
generation model is used, with seismic strain concentrated
on a single fault, representative of the zone under study, as
shown in Fig. 5.

Considering that all earthquakes occur on a single fault
plane with the same mechanism, then the relative velocity
between blocks is given by

_ LM

Aty = .
WAT

3)

Here M; is the seismic moment of a single earthquake, T is
the period considered and u is the mean shear modulus for
the seismogenic layer.

Equation (S4) in the Supplement is valid for a perfect seis-
mic coupling, the fraction of frictional sliding that occurs as
earthquakes. If the seismic coupling, c, is not perfect (¢ < 1),
then the slip rate between the blocks should be corrected by
this factor:

11 =M,
c2uLHT'

Al 4

The values obtained by the Eq. (4) (for ¢ = 1) must, there-
fore, be considered to be the lower limits of the tectonic de-
formation inferred by the earthquake generation models. In
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Table 5. Source zone parameters for the simplified sanity check.
L stands for the source zone geometry; H and p are the thickness
and the mean shear modulus for the seismogenic layer, respectively.
« is the dip of the fault.

Lower Tagus Valley source zone ‘ 1755 source zone

w=4.0x109pa | n=65x109pa

Model L (km) H (km) a(°) ‘ L (km) H (km) «(°)
EC8 201 20 55 260 60 35
ERSTA 188 20 55 210 60 35
SHARE 129 20 55 260 60 35
QREN 188 20 55 263 60 35
SA 196 20 55 253 60 35
SB 270 20 55 209 60 35

Bird and Kagan (2004) the seismic coupling is very variable
for the different plate boundaries investigated; it varies from
0.05 in oceanic rifts in strike-slip faults to 1.0 in continental
convergence regions.

To apply the simplified consistency test to the earthquake
generation models presented earlier, it is necessary to assign
for each generation zone the following parameters: u, L and
H. While L is taken from the geometry of each source zone,
the values of u, the mean shear modulus for the seismogenic
layer and the thickness of the seismogenic layer (H) must be
inferred from our best knowledge on the source areas. For the
LTV we consider that it comprises typical continental crust,
and we used u =4.0 x 10'9Pa (e.g. Sgrensen et al., 2012).
For the 1755 earthquake source zone, we used a typical value
for oceanic lithosphere (e.g. Johnston, 1996 and Matias et al.,
2013), ©=6.5 x 10'° Pa.

For the value of the brittle thickness of the lithosphere, H,
we assume that it is 20 km in the LTV where it includes only
the upper and middle continental crust. For the 1755 zone we
used H = 60 km from Matias et al. (2013). A summary of the
parameters used in the application of the simple consistency
test is presented in Table 5. The cumulative seismic moment
to be used in Eq. (4) is computed from the seismic hazard
model investigated.

To have a perception of the sensitivity of the results to the
simple model parameters proposed, which are inversely re-
lated, observing Eq. (4), we see that an increase in the length
of the zone (L) or the thickness of the layer (H) would im-
ply a proportional decrease in the seismic tectonic velocity
(Attg), and a decrease in these parameters would imply a
corresponding increase. The values chosen for each PSHA
model, together with ¢ = 1, are conservative, and so the re-
sults obtained should be considered to be the lower limits
for the tectonic deformation inferred by the earthquake re-
currence models.
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Figure 6. Monte Carlo method applied to Vilanova and Fonseca
(2007) logic tree models, compared with a uniform probability dis-
tribution. (a) The LTV source zone. (b) The 1755 source zone.

4.2 Uncertainties: logic tree and Monte Carlo
simulation

Among the five PSHA models investigated, the Vilanova
and Fonseca (2007) model is the only one that addresses
epistemic uncertainties on the source definition and earth-
quake recurrence laws using a logic tree (Fig. 4). This re-
sults in 32 possible earthquake generation scenarios, each
with a fixed probability given by the sequence of branches
in the logic tree. We will expand the resulting discrete prob-
ability distribution into a continuous probability distribu-
tion through a Monte Carlo simulation (Fig. 6), consider-
ing a probability distribution for parameters a and b of
the Gutenberg—Richter law. The Monte Carlo simulation
is implemented to address aleatory uncertainties, to evalu-
ate the variability of the composed set of parameters for
which the different characteristics of each scenario are se-
lected stochastically according to its uncertainty distribution
(Gaspar-Escribano et al., 2015). This simulation will allow us
to illustrate how the simplified, and complex, sanity checks
can be applied to models where the uncertainty in the DTGR
laws is provided. Furthermore, it will help us to choose from
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Figure 7. Seismic strain and probability for each of the 32 models
that result from the logic tree proposal of Vilanova and Fonseca
(2007). The scenarios outlined are the ones chosen to be tested with
neotectonics modelling. (a) The LTV source zone. (b) The 1755
source zone.

the 32 possible scenarios those that are representative of five
classes to be defined by 20 % probability intervals on the con-
tinuous probability distribution of seismic velocity (Fig. 7).
These five scenarios will be also investigated by the complex
sanity test described below.

4.3 Complex sanity test: seismicity rates with
“long-term seismicity”

In slowly deforming areas where significant seismic hazard
is generated offshore, neotectonic modelling is a very use-
ful tool to infer the long-term deformation rates of the brittle
lithosphere. That work was performed for the Africa—Eurasia
plate boundary extending from the Gloria Fault to the north-
ern Algerian margin by Neres et al. (2016). These authors
improved the broader Mediterranean model (Carafa et al.,
2015), compiling an up-to-date simplified tectonic map of
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the Africa—Iberia plate boundary, and used the code SHELLS
(Bird, 1999; Bird et al., 2008), which solves the stress equi-
librium equation for a finite element grid, based on vertically
integrated and laterally varying lithospheric data, estimated
rock strengths and densities, and lateral, basal, and/or inter-
nal boundary conditions. SHELLS determines the long-term
averages of tectonic strain and motion over many earthquake
cycles and outputs results such as horizontal surface veloc-
ities, slip rates on faults, strain rates in the continuum ele-
ments and stress orientation. The finite element grid used for
the study of Neres et al. (2016) comprised almost equilateral
spherical triangles with about 27 km of side length. More de-
tails on the modelling can be found in Neres et al. (2016).

In the present work, the inferred lithospheric deformation,
diffuse and concentrated along fault planes, is converted to
earthquake generation rates by a modified version of the code
“long-term seismicity” (Bird and Liu, 2007; Bird et al., 2010)
(see Supplement).

In its original form the long-term seismicity algorithm
applies the two hypotheses of the SHIFT model (Seismic
Hazard Inferred From Tectonics) proposed by Bird and Liu
(2007) and Bird et al. (2010): (a) the calculation of the long-
term seismic moment rate in a deformed volume uses the
coupled seismogenic thickness defined by the plate boundary
closest to the zone; (b) calculating the earthquake frequency,
as well as their magnitude distribution, follows the recur-
rence law of the closest and most comparable type of plate
boundary. For this purpose, the code uses the plate boundary
classification proposed by Bird and Kagan (2004) that con-
sidered seven different types of plate boundary: CRB, conti-
nental rift boundary; CTF, continental transform fault; CCB,
continental convergent boundary; OSR, oceanic spreading
ridge; OTF, oceanic transform fault; OCB, oceanic conver-
gent boundary; and SUB, subduction zone. Using the global
CMT catalogue, Bird and Kagan in 2004 estimated the seis-
micity parameters for each plate boundary type. Instead
of using the DTGR recurrence law described above, these
authors used the “tapered Gutenberg—Richter” law (TGR),
which is expressed in terms of seismic moment and not mag-
nitude:

_ Comp _ 4.

. . M BiGr (u)

N(mr) = NC‘”“P(VT) e\ ) 5)
C

N(mt) is the earthquake rate of events with magnitude
greater than or equal to the magnitude of interest, mt, with
seismic moment Mt. M, is the seismic moment correspond-
ing to the corner magnitude, m., which is a magnitude close
but not equal to the maximum magnitude of the DTGR law.
The Bigr is the asymptotic spectral slope in the low magni-
tudes of the tapered Gutenberg—Richter law and should not
be confused with the 8 of the DTGR; the relation between
the two is given by

3

p = 5PcrIn(10). (6)
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MCO™P is the seismic moment corresponding to the mag-
nitude of completeness, mcomp, €quivalent to the minimum
magnitude defined earlier for the DTGR. NC°™ is the earth-
quake rate for events with magnitude greater than or equal to
the magnitude of completeness.

Once the long-term seismic moment rate (M) of a grid
cell is determined, its expected long-term shallow seismic-
ity rate is obtained in two steps. First the long-term moment
rate is divided by the model moment rate (integral of best-
fitting tapered Gutenberg—Richter distribution, MMT) of the
appropriate Bird and Kagan (2004) CMT subcatalogue, and
then it is multiplied by the number of events in that subcata-
logue, NMT | to determine the rate of earthquakes at the grid
cell that will exceed the threshold magnitude of that subcat-
alogue:

N(m > m$MT) = <L> NEMT, (7

MCMT

Then the forecasted earthquake rate adjusted to any de-
sired threshold magnitude (mT) using the TGR law is given
by

-B
. . M
=)
T

CMT) _
eXp(M(mT ) M(’"T)). ®)

M (m¢)

The main parameters required to use the long-term seis-
micity code to estimate seismic moment release for a
particular zone are the coupled thickness of seismogenic
lithosphere, (cz); the shear modulus, pu; the corner mag-
nitude, m.; the asymptotic spectral slope, Bigr, of the
TGR law; the number of shallow earthquakes in the cat-
alogue, NC°™P; and the threshold magnitude, mT, used in
counting those events.

To establish a sanity check on the earthquake source mod-
els used for PSHA in W and SW Iberia, a complex tec-
tonic domain with slow deformation, several modifications
had to be done to the main algorithm of long-term seismicity.
Firstly, we introduced the parametrization of zones, instead
of plate boundaries. Each finite element cell was identified as
belonging to one source zone. Secondly, instead of using the
default plate boundary parameters defined by Bird and Ka-
gan (2004) we introduced the recurrence parameters of the
PSHA models to be investigated. These parameters are given
for the source zones, LTV and 1755, respectively, in Tables 6
and 7.

However, some preliminary work had to be done to trans-
late the published DTGR law parameters into the TGR law
parameters that are used by long-term seismicity. This task
was performed by a non-linear fit, adjusting the corner mag-
nitude and the completeness earthquake rate NP, and fix-
ing the asymptotic spectral slope Bgr to its theoretical value
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given by Eq. (6). The quality of the fit was assessed by com-
paring the total seismic moment release computed for both
models, DTGR and fitted TGR. The details of this computa-
tion are shown in the Supplement (Sect. S3).

To facilitate the interpretation of results, all recurrence pa-
rameters are scaled to an observation period of 100 years.
As regards the coupled thickness, we consider that seismic
coupling was perfect and used 20 and 60 km as seismogenic
thickness for LTV and 1755 zones, respectively. The output
tectonic seismicity rates are finally compared to observations
to check the consistency of the proposed source zones and
earthquake recurrence models.

5 Seismic deformation consistency tests: results and
discussion

5.1 Simplified test

This test consisted in computing the fault slip rate that would
explain the seismicity from the earthquake recurrence mod-
els proposed for PSHA, as described in Sect. 4.1. The slip
rates and moment release rates for EC8, ERSTA, SHARE
and QREN models considered on the LTV and 1755 source
zones are shown in Table 8, and due to the use of a logic tree,
also to simplify, the VF2007 model is shown in Table 9.

As already mentioned, the logic tree proposed by Vilanova
and Fonseca (2007) generates 32 possible source zone and
recurrence models, which define a discrete probability dis-
tribution. This can be converted into a continuous probabil-
ity distribution considering that the a and b parameters from
the proposed recurrence models are affected by uncertainty.
Using Monte Carlo simulation, the seismic slip rate proba-
bility distributions obtained are shown in Fig. 6 for the LTV
and 1755 source zones. Splitting the continuous probability
distribution in five sections 20 % wide, it is then possible
to select from each section one representative model to be
tested against neotectonic modelling. These selected models
are graphically displayed in Fig. 7.

The consistency tests provide geodynamic constraints for
evaluating PSHA models, allowing us to identify suspect
models, either for generating far more or far fewer earth-
quakes than predicted. The slip rate on an idealized fault that
accumulates all the seismic strain released on that zone gen-
erated by the simple test must now be compared with our
knowledge of lithospheric deformation and fault slip rates.

The geodynamic setting of W and SW Iberia is domi-
nated by the WNW-ESE oblique dextral convergence be-
tween Nubia and Eurasia plates at ~4 mmyr~' (Fernandes
et al., 2003). Spatial geodesy provides information on how
this convergence is propagated on land causing distributed
deformation. Palano et al. (2015) analysis of GNSS (Global
Navigation Satellite System) data showed in SW Iberia a
gradient in the measured velocities relative to fixed Eurasia,
from ~2mmyr~! in the SE to ~0.5mmyr~! in the NW.
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Table 6. Earthquake recurrence parameters for the Lower Tagus Valley source zones expressed as DTGR (A, B, mmax) and TGR (N Comp
number of earthquakes per year (EQs yrf1 ), BtGR» M) laws, for the minimum magnitude of 5.0. M) is the seismic moment rate.

Lower Tagus Valley (LTV) source zone

Double truncated G-R law ‘ Tapered G-R law ‘ My (Nm yr_l)

Model A(m=5.0) B Mmax ‘ NComp (EQs yr_]) BiGR  Mc ‘

EC8 0.07 1.63 7.2 0.086 0472 678 | 1.52x 1017
ERSTA 0.12 1.82 7.1 0.149 0.527  6.69 | 1.72x 1017
SHARE i, 0.08 2.07 7.1 0.099 0599 671 | 8.69x 1010
SHARE ;.4 0.08 2.07 74 0.098 0599 7.00 | 1.33x 107
SHAREmax 0.08 2.07 7.6 0.098 0.599 720 | 1.77x 1017
QREN 0.01 203  6.87 0.012 0.588 647 | 9.12x 1013
(3) SA-CB-RA-al-max0 0.02 2.05 6.9 0.022 0.594 657 | 1.63x 1010
(7) SA-CB-RB-al-max+ 0.02 2.28 7.4 0.022 0.660 7.09 | 2.49 x 1010
(8) SA-CB-RB-a2-max0 0.03 2.28 6.9 0.034 0.660 6.58 | 1.92x 1010
(14) SB-CA-RB-a2-max0 0.05 2.30 7.1 0.056 0.666 6.79 | 4.02x 1010
(15) SB-CB-RB-al-max+ 0.03 2.35 7.6 0.033 0.680 7.29 | 4.46 x 1010

Table 7. Earthquake recurrence parameters for the 1755 source zones expressed as DTGR (A, 8, mmax) and TGR (NComp BiGR» Mmc) laws,

for the minimum magnitude of 5.0. My is the seismic moment rate.

1755 source zone

Double truncated G-R law ‘ Tapered G-R law ‘ My (Nmyrfl)

Model Am=50) B mma | NP (EQsyr!)  Bor  mc |

ECS8 0.13 1.66 8.8 0.157 0.481 838 | 4.51x10!8
ERSTA 0.22 143 87 0.262 0414 826 | 1.18x 10"
SHARE i, 0.32 207 85 0.388 0.599 8.10 | 2.47x10!8
SHARE ¢4 0.32 207 87 0.388 0599 830 | 3.27x10'8
SHAREmax 0.32 207 838 0.388 0.599 8.40 | 3.75x10'8
QREN 0.03 212 89 0.036 0.614 851 | 4.07x 107
(2) SA-CA-RA-a2-max+ 0.09 237 9.0 0.099 0.686 8.69 | 6.34x 1017
(6) SA-CA-RB-a2-max—+ 0.10 260 9.0 0.109 0.753 870 | 3.51x 107
(7) SA-CB-RB-al-max0 0.09 253 85 0.099 0.733 820 | 2.50x 107
(9) SB-CA-RA-al-max+ 0.12 216 9.0 0.133 0.625 8.68 | 1.45x 1018
(13) SB-CA-RB-al-max+ 0.08 251 90 0.088 0727 870 | 3.72x10Y7

The authors interpreted these results as evidence for a rigid
rotation of the Iberian Peninsula around a pole located north
of Madrid. Once this rotation is removed, the intraplate de-
formation is less than 1 mmyr~! everywhere (ibid.).

Cabral et al. (2017) made a detailed analysis of spatial
geodesy data in southern mainland Portugal. These authors
identified a shear zone that separates a faster SW domain
from a slower NE domain. This shear zone would accom-
modate part of the velocity gradient already mentioned by
Palano et al. (2015) with a relative velocity change of less
than 1 mmyr—!.

Cabral (2012) investigated the intraplate deformation us-
ing geological criteria. His synthesis recognizes the existence
of several active faults in mainland Portugal (active in the
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sense that they show movement evidence in the last 3 Myr)
but with very low slip rates of less than 0.1 mmyr—!. The
most active faults can reach slip rates of 0.5 mmyr~!. Neo-
tectonic modelling works (Cunha et al., 2012; Neres et al.,
2016) confirm these results, as they point to slip rates in in-
traplate faults less than 0.1 mmyr—!.

Both space geodesy data and neotectonic modelling results
show that the convergence between the African and Eurasian
plates, at ~4 mmyr~!, is localized mainly in the ocean do-
main and must be accommodated there by active faults, some
of them already identified through geological and geophysi-
cal studies.

Taking all this information into consideration, we assume
I mmyr~! as a reasonable kinematic reference value for the
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Table 8. Simple test: seismic deformation rates (Aitg) in millimetres per year (mm yr_l) for the LTV and 1755 source zones considering
four earthquake recurrence models. M is the long-term seismic moment rate.

Lower Tagus Valley (LTV)

‘ 1755 source zone

Model M (Nmyr_l) Auig (mmyr_l) ‘ M (Nmyr_l) Alig (mmyr_l)
EC8 1.52 x 1017 0.943 451 x 1018 4.448
ERSTA 1.72 x 1017 1.146 1.18 x 1019 14.408
SHARE,;, 8.69 x 10!° 0.842 247 x 1018 2.436
SHAREeq 1.33 x 1017 1.289 3.27 x 1018 3.225
SHAREmax 177 x 1017 1.715 3.75 x 1018 3.698
QREN 9.12 x 1013 0.061 4.07 x 107 0.397

Table 9. Simple test: seismic deformation rates (Aiis) in millimetres per year (mm yr_l) for the LTV and 1755 source zones, considering
Vilanova and Fonseca’s (2007) 32 models resulting from the logic tree proposal. In bold we identify the recurrence models and values that
will be checked by the complex sanity test. M is the long-term seismic moment rate.

Lower Tagus Valley (LTV)

1755 source zone

Model Mmax Mmax + 0.5 Mmax Mmax + 0.5
My (Nmyr_l) Atig (mmyr_l) My (Nmyr_l) Attg (mmyr_l) My (Nmyr_l) Alig (Inmyr_l) My (Nmyr_l) Atlg (mmyr_l)

SA-CA-RA-al  1.42x 106 0.120 228 x 1016 0.194 3.95 x 1017 0.412 7.50 x 1017 0.782
SA-CA-RA-22  2.88 x 1010 0.245 6.37 x 1016 0.541 6.42 x 107 0.670 9.81 x 1017 0.643
SA-CB-RA-al  2.04 x 1016 0.104 3.38 x 1010 0.287 7.63 x 1017 0.796 1.65 x 1018 1.724
SA-CB-RA-a2  4.59 x 1016 0.390 1.10 x 1017 0.932 1.31 x 1018 1.365 2.10 x 1018 2.192
SA-CA-RB-al 127 x 106 0.109 1.97 x 1010 0.168 1.95 x 1017 0.204 3.21 x 1017 0.335
SA-CA-RB-a2 224 x 106 0.191 441 x 1016 0.375 3.49 x 1017 0.363 5.00 x 1017 0.356
SA-CB-RB-al 1.63 x 1010 0.139 2.57 x 1016 0.159 2.59 x 107 0.253 4.45 x 107 0.464
SA-CB-RB-a2  3.29 x 1016 0.123 6.76 x 1010 0.575 471 x 107 0.491 6.89 x 1017 0.718
SB-CA-RA-al  2.18 x 1016 0.135 426 x 1016 0.263 7.81 x 1017 0.985 1.69 x 1018 1.781
SB-CA-RA-a2  2.00 x 10'° 0.123 4.60 x 1016 0.284 131 x 10'8 1.652 2.10x 1018 2.654
SB-CB-RA-al  2.18 x 1016 0.135 4.26 x 1016 0.263 7.63 x 1017 0.963 1.65 x 1018 2.087
SB-CB-RA-a2  2.00 x 1016 0.123 4.60 x 1016 0.284 1.25 x 1018 1.578 2.01x 1018 2.534
SB-CA-RB-al  3.40 x 10'6 0.210 6.00 x 1010 0.370 2.37 x 1017 0.300 4.13 x 107 0.456
SB-CA-RB-a2  6.64 x 1016 0.186 1.35 x 1017 0.833 3.64 x 1017 0.459 5.35 x 1017 0.675
SB-CB-RB-al 2.89 x 1010 0.178 4.99 x 1016 0.207 1.83 x 1017 0.231 3.04 x 1017 0.385
SB-CB-RB-a2  5.30 x 10!6 0327 1.05 x 1017 0.647 2.75 x 1017 0.347 3.97 x 1017 0.501

simple sanity check (Tables 8 and 9) for the intraplate Lower
Tagus Valley source zone (LTV). For the interplate region
where the 1755 earthquake might have been generated, the
reference value should be 4 mmyr~!. Both of these values
represent upper limits. Seismic slip rates smaller than 0.1 or
0.5mmyr~! for LTV and 1755 zones, respectively, should
also be considered suspect for they would represent too few
seismic deformations. The evaluation of recurrence models
from both sanity tests is deferred to the discussion section.

5.2 Seismicity rates compared with long-term
seismicity

According to Sect. 4.3, in slowly deforming areas and earth-
quake offshore domains, neotectonic modelling constrained
by geology, seismicity and geodesy is a very useful tool to
infer lithospheric deformation, as it was done by Neres et al.
(2016) for W and SW Iberia. Then, lithospheric deformation
can be converted to earthquake rates on the source zones used
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for PSHA using a modified version of the long-term seis-
micity code of Bird and Liu (2007) and Bird et al. (2010).
The earthquake rates computed assuming a perfect coupling
can then be compared to observations, either by the num-
ber of earthquakes generated by magnitude classes or by the
total moment rate released. This comparison is shown in Ta-
bles 10 and 11 for the LTV and 1755 source zones, respec-
tively. It is expressed by the ratio of PSHA recurrence model
parameters over the long-term seismicity estimate. Keeping
all other modelling parameters, this ratio can be interpreted
as the seismic coupling required to fit PSHA recurrence mod-
els with neotectonics modelling. These ratios should be con-
sidered suspect if they are close to 1 or greater than 1, mean-
ing that the recurrence models predict more earthquakes and
seismic strain than what would be expected from the neotec-
tonic modelling. On the other hand, very small values of the
ratio (smaller than 0.1) should also be considered suspect be-
cause they might indicate a very small and unrealistic seismic
coupling.
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Table 10. Complex test: activity rates in earthquakes per century for the LTV source zone. Two sets of seismicity parameters were used:
(1) LTS obtained with the long-term seismicity program and (2) PSHA models expressed as tapered Gutenberg—Richter laws (TGR). Ratio
represents the ratio between TGR and LTS. The number of earthquakes consider a catalogue period of 100 years. Ratios suspected to be too
high are in bold and too low in italic. Acceptable ratios are in bold and italic. M() is the long-term seismic moment rate.

Lower Tagus Valley (LTV)

1

Model ‘ Magnitude ‘ Mean ratio Mo Nm century ™
| 50 55 6.0 6.5 7.0 |
EC8 LTS 6.85 3.00 126 0407 0.031 1.03 x 1019
TGR 8.6  3.77 1.58 0511 0.039 1.29 x 1019
ratio | 1.255 1257 1254 1256 1.258 1.256 1.248
ERSTA LTS 522 207 0773 0.203 0.007 531 x 1018
TGR 149 592 221 0580 0.021 1.50 x 1019
ratio | 2.854 2.856 2.859  2.857 2.826 2.856 2.825
SHARE i, LTS 945 332 1.09  0.261 0.010 7.45 x 108
TGR 9.8 347 1.15 0274 0.010 7.65 x 1018
ratio | 1.037 1.046  1.052  1.048 1.000 1.046 1.027
SHARE eq LTS 6.16 218 0753 0231 0.036 7.45 x 1018
TGR 9.8 3.47 120 0.368 0.057 1.17 x 1019
ratio | 1.592 1593 y1.593  1.591 1.583 1.592 1.570
SHAREmax LTS 4.65 1.65 0577 0.191 0.045 7.45 x 1018
TGR 98 347 122 0.402 0.095 1.56 x 1019
ratio | 2.108 2.106 2.116 2.108 2.127 2.108 2.094
QREN LTS 9.51 3.35 1.03  0.150 4.81x1074 5.44 x 1018
TGR 12 042 0.13  0.019 - 6.91 x 10!7
ratio | 0.126 0.125  0.126 0.127 - 0.126 0.127
SA-CB-RA-al-max0 LTS 7.28 255 0807 0151 261x1073 477 x 108
TGR 22 077 025  0.047 - 1.46 x 108
ratio | 0.302 0301 0310 0.311 - 0.306 0.306
SA-CB-RB-al-max+ LTS 473 151 0467 0.134 0.023 477 x 1018
TGR 22 070 022  0.063 0.011 223 x 1018
ratio | 0.465 0464  0.471 0.470 0.471 0.470 0.468
SA-CB-RB-a2-max0 LTS 892 280 0793 0.139 225x1073 477 x 1018
TGR 3.4 1.07 0.31  0.052 - 1.79 x 108
ratio | 0.381 0.382  0.391 0.375 - 0.382 0.375
SB-CA-RB-a2-max0 LTS 9.23 285 0873 0255 0.058 1.08 x 10!°
TGR 5.6 1.76 053  0.12 0.007 3.86 x 1018
ratio | 0.358 0.358  0.355 0.357 0.362 0.358 0.357
SB-CB-RB-al-max+ LTS | 16.01 5.02 1.51  0.352 0.021 1.08 x 10!°
TGR 3.3 1.02 031  0.091 0.021 3.76 x 1018
ratio | 0.350 0.351  0.352 0.341 0.339 0.350 0.348

We present in Table 12 a summary of the sanity tests (sim-
ple and complex) performed on the 11 PSHA earthquake
generation models, expressed as seismic slip rates (Aiig) on
a single fault and average ratios between earthquake gen-
eration (Mean ratio LTS) and seismic moment release ra-
tios (Ratio MO) computed by neotectonic modelling with the
long-term seismicity algorithm.
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5.3 Joint evaluation of earthquake generation models

The most realistic test, the comparison between PSHA earth-
quake generation models and neotectonic modelling for the
LTV source zone, clearly identifies three models with exces-
sive earthquake generation, EC8, ERSTA, and SHAREy,,
SHARE,ax, and one suspect, SHARE 4. These three mod-
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Table 11. Complex test: activity rates in earthquakes per century for the 1755 source zone. Two sets of seismicity parameters were used:
(1) LTS obtained with the long-term seismicity program and (2) PSHA models expressed as tapered Gutenberg—Richter laws (TGR). Ratio
represents the ratio between TGR and LTS. The number of earthquakes consider a catalogue period of 100 years. Ratios suspected to be too
high are in bold and too low in italic. Acceptable ratios are in bold and italic. M() is the long-term seismic moment rate.

1755 source zone

1

Model Magnitude ‘ Mean ratio M, Nmecentury —
5.0 55 6.0 6.5 7.0 75 8.0 85 |
EC8 LTS 136 591 258 1.12 0485 0203 0071 89x1073 3.52x 1020
TGR | 157 685 298 130 0563 0236 0.082 0.010 4.04 x 1020
ratio | 1.154 1159 1155 1161 1.161 1.163 1.155 1.124 1.157 1.148
ERSTA LTS 6.69 327 1.60 0782 0378 0.174 0.061 45x1073 2.66 x 1020
TGR | 262 128 627 306 148 0.683 0.239 0.018 1.03 x 102!
ratio | 3.916 3.914 3919 3913 3915 3925 3918 4.00 3.917 3.872
SHARE i, LTS 597 212 753 267 0931 0298 0059 80x1074 3.41 x 1020
TGR | 388 13.8 4.89 1732 0.604 0.194 0038 52x1074 2.20 x 1020
ratio | 0.650 0.651 0.649 0.649 0.649 0.651 0.644 0.650 0.650 0.645
SHARE ;cq LTS 452 161 571 203 0713 0241 0064 44x1073 3.41 x 1020
TGR | 388 13.8 489 1736 0.611 0206 0.055 0.004 2.90 x 1020
ratio | 0.858 0.857 0.856 0.855 0.857 0.855 0.859 0.909 0.857 0.850
SHAREmax LTS 392 139 495 176 0621 0213 0061 6.8x1073 3.41 x 1020
TGR | 388 138 489 1737 0.613 0230 0.061 0.007 3.33x 1020
ratio | 0.990 0.993 0.988 0.987 0.987 1.080  1.00 1.029 0.991 0.977
QREN LTS 597 207 7.16 248 0.854 0283 0.087 0.014 5.19 x 1020
TGR 36 125 043 015 0052 0017 0005 82x107% 3.13 x 1019
ratio | 0.060 0.060 0.060 0.060 0.061 0.059 0.057 0.059 0.060 0.060
SA-CA-RA-a2-max+ LTS 86.5 265 809 247 0755 0228 0.065 0.013 473 x 1020
TGR 99 303 093 0283 0.08 0.026 0007 147x1073 5.36 x 1019
ratio | 0.114 0.114 0.115 0.115 0.114 0.114 0.108 0.113 0.114 0.113
SA-CA-RB-a2-max+ LTS | 1587 432 11.8 321 0872 0234 0.059 0.011 473 x 1020
TGR | 109 3.0 0810 0221 0060 0016 0004 7.4x1074 3.22 x 1019
ratio | 0.069 0.069 0.069 0.069 0.069 0.068 0.068 0.067 0.069 0.068
SA-CB-RB-al-max0 LTS | 2141 604 170 479 133 0349 0065 18x1073 473 x 1020
TGR 99 279 079 022 0062 0016 0003 80x107° 2.17 x 1019
ratio | 0.046 0.046 0.046 0.046 0.047 0.046 0.046 0.044 0.046 0.046
SB-CA-RA-al-max+ LTS 266 9.05 308 104 0354 0.119 0.037 8.15x1073 2.59 x 1020
TGR | 133 452 1534 0521 0.176 0.059 0019 4.05x 1073 1.28 x 1020
ratio | 0.500 0.499 0.498 0.501 0.497 0.496 0.514 0.497 0.499 0.494
SB-CA-RB-al-max+ LTS 687 196 558 159 0451 0.127 0.034 63 x1073 2.59 x 1020
TGR 88 251 072 0204 0058 0016 0004 82x10~% 3.27 x 1019
ratio | 0.128 0.I128 0.129 0.128 0.129 0.126 0.118 0.130 0.128 0.126

els were also considered suspect by the simplified consis-
tency test. The QREN model shows too little earthquake gen-
eration, confirmed by both sanity checks, simple and com-
plex. All five VF2007 earthquake generation models studied
satisfy both consistency tests.

Considering the 1755 source zone, only three PSHA sce-
narios pass both sanity tests, SHARE i, SHARE¢q and one
of the VF2002 models. The complex consistency test identi-
fies scenarios EC8 and ERSTA as being clearly excessive in
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earthquake generation, while SHARE ,,x may be considered
suspect. Models that generate too little seismic activity or
are suspected of that are QREN and four of the five VF2007
models investigated. In this source zone, the simplified test
confirms 9 of the 11 evaluations done by the complex test,
disagreeing the diagnostic on one of the VF2007 models and
SHARE 0% .

All considered, despite its simplicity, we remark that the
simplified consistency check evaluation agrees with the more
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Table 12. Summary of the simple (Aiig) and complex (Ratio Mo) sanity tests applied to PSHA earthquake generation models. Bold indicates
that the PSHA model generates too many earthquakes, while italic shows that the model generates too few earthquakes, according to criteria
defined in the text. In bold and italic, we show acceptable values. Average ratios between earthquake generation are shown in the “Mean ratio

LTS” column.
Lower Tagus Valley (LTV) 1755 source zone
Model At mmyr— 1" Mean ratio LTS  Ratio M, ‘ Model Alig mmyr— 1" Mean ratio LTS ~ Ratio M,
EC8 0.943 1.256 1.248 EC8 4.448 1.157 1.148
ERSTA 1.146 2.856 2.825 ERSTA 14.408 3.917 3.872
SHARE i 0.842 1.046 1.027 SHAREin 2.436 0.650 0.645
SHARE ¢4 1.289 1.592 1.570 SHARE ¢4 3.225 0.857 0.850
SHAREmax 1.715 2.108 2.094 SHAREmax 3.698 0.991 0.977
QREN 0.061 0.126 0.127 QREN 0.397 0.060 0.060
SA-CB-RA-al-max0 0.104 0.306 0.306 SA-CA-RA-a2-max+ 0.643 0.114 0.113
SA-CB-RB-al-max+ 0.159 0.470 0.468 SA-CA-RB-a2-max+ 0.356 0.069 0.068
SA-CB-RB-a2-max0 0.123 0.382 0.375 SA-CB-RB-al-max0 0.253 0.046 0.046
SB-CA-RB-a2-max0 0.186 0.358 0.357 SB-CA-RA-al-max+ 1.781 0.499 0.494
SB-CB-RB-al-max+ 0.207 0.350 0.348 SB-CA-RB-al-max+ 0.456 0.128 0.126

elaborate one on 20 out of the 22 PSHA earthquake gener-
ation models. While in the LTV source zone, an intraplate
domain, 6 of 11 PSHA models fail the tests or are consid-
ered suspect; in the 1755 source zone, an interplate domain,
the score is lower, and only 4 of 11 models pass the complex
sanity check. The poor performance of PSHA models in the
source areas that include the large 1755 earthquake may be
explained by the poor geological control used on its defini-
tion, a diffuse plate boundary with large identified geological
faults with mostly unknown activity.

Revisiting Figs. 6 and 7 where all 32 VF2007 models are
analysed by the simple sanity test, we see that for the LTV
source zone, three models exceed 1 mmyr—! seismic slip
rates and must be considered suspect. Using Monte Carlo
simulation to account for uncertainties in the DTGR law pa-
rameters, 10 % of those models generated earthquakes in ex-
cess. Differently, for the 1755 source zone, 40 % of the inves-
tigated models should be considered suspect for generating
too few earthquakes.

It may be argued that the reference values used to identify
PSHA models as suspect or unrealistic depend on a few crit-
ical parameters that were subjectively defined in this work,
like the thickness of the brittle lithosphere, the seismic cou-
pling, and the dip and length of the typical fault. The seismic
moment release and earthquake generation rates are linear
functions of these parameters, directly or inversely related,
and it is a simple algebraic exercise to compute other refer-
ence values to suit the researcher’s preferences.

Earthquake catalogues in slowly deforming regions are
mostly incomplete and have large return periods, and the
maximum magnitude is usually determined by subjective
and/or geological criteria with large uncertainties. Taking
into consideration the space geodetic information, the New
Madrid seismic zone also classifies as a slowly deform-
ing region (e.g. Newman et al.,, 1999). If the 1811 and
1812 New Madrid earthquakes have magnitude 8, then the
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inferred tectonic strain implies that these events have a very
low probability of occurrence (ibid.). The interpretation of
this earthquake sequence generated a long-standing debate
(e.g. Frankel, 2004; Stein, 2005, Frankel, 2005). The New
Madrid events show that time ergodicity, a common assump-
tion for earthquake generation in slowly deforming regions,
can fail dramatically. Instead, the consistency between earth-
quake generation models from PSHA and tectonic deforma-
tion converted into seismic moment release rates with the
long-term seismicity algorithm was expressed in two ways:
(i) by the ratio of seismic activity for different magnitude
classes and (ii) by the ratio between seismic moment release
rates, which can be interpreted as the mean seismic coupling
coefficient needed for perfect consistency. The results ob-
tained show that both indicators result in the same classifi-
cation of the PSHA models.

6 Conclusions

In areas of slow deformation and/or where the seismogenic
structures cannot be clearly related to instrumental and his-
torical seismicity (e.g. in offshore domains), researchers use
the concept of area source to characterize the earthquake gen-
eration process. Given the several subjective judgements that
are needed to establish these zones and to define the earth-
quake recurrence laws, it is common that different authors
reach different PSHA results, which cannot be ascribed only
to the choice of the ground motion prediction equations. We
proposed a methodology to objectively evaluate the chosen
earthquake generation models by comparing the seismic mo-
ment release with the knowledge on tectonic deformation, by
space geodesy and geology, or by neotectonic modelling.
One of the areas investigated in W and SW Iberia, a typi-
cal slowly deforming region, was the Lower Tagus Valley, an
area with very high seismic risk since it includes Lisbon and
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has a large concentration of population, services and indus-
try. This is an intraplate domain where space geodesy hints
at a strain rate smaller than 1 mmyr~'. The other source area
chosen is offshore SW Iberia, an interplate setting, where
several studies locate the source of the 1 November 1755 de-
structive earthquake.

The first sanity check proposed, the simple one, com-
pares the seismic slip rate to kinematic knowledge from
space geodesy and geology. In the absence of space geode-
tic and reliable geological observations, as in offshore do-
mains, lithospheric deformation can be modelled by numeri-
cal methods, with results validated by comparison with ge-
ological, geodetic and seismic observations. The inferred
lithospheric strain can be converted to earthquake and seis-
mic moment release rates using the long-term seismicity
algorithm. The second sanity test proposed compares the
PSHA earthquake generation models with the ones from neo-
tectonic modelling. Both tests can be used to assess the con-
sistency of PSHA models. The simple test provided the same
classification as the complex test on 20 of the 22 scrutinized
models.

We suggest that the consistency tests proposed in this
work should be part of the PSHA studies in regions of
slow deformation and/or with offshore complex earthquake
generation mechanisms. In the examples investigated only
area earthquake source zones were tested but the methodol-
ogy can be easily extended to PSHA studies that use more
detailed source parametrization (e.g. Rivas-Medina et al.,
2018). When logic tree and/or Monte Carlo methods are used
to characterize the epistemic and aleatoric uncertainties in
PSHA, it is recommended that the outcome of the sanity tests
should be used on a weighing scheme, as it is already used in
probabilistic tsunami hazard assessment (Davies et al., 2017,
Basili et al., 2019).

7 Discussion

“Society’s goal is to choose a level of safety that makes eco-
nomic sense, because such mitigation diverts resources from
other uses. Ideally mitigation should not be too weak, per-
mitting undue risks, or too strong, imposing unneeded costs”
(in Stein et al., 2012). This means that, at the end of the day,
some decision must be made, so that buildings are built or
renewed to withstand ground shaking. We do not follow Mu-
largia et al.’s (2017) proposal to completely abandon PSHA
due to its faulty assumptions at odds with earthquake physics.
Even if PSHA is not the only tool used to make the required
assessments for land use management and for the establish-
ment of building codes, it will still remain as one of the tools
to be used. As regards earthquake physics, the scientific liter-
ature is full of contradictory results. For example, the claim
made by Corral (2004) that the earthquake recurrence mea-
sured by the waiting time between events follows a universal
distribution with naturally occurring clusters of main shocks
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was disputed by Hainzl et al. (2006), who showed that the
earthquake catalogue in California can be explained by a
Poisson distribution for the main shocks and a Omori law
for aftershocks.

It is an indisputable fact that the occurrence of too many
large earthquakes (and associated ground motion) in areas of
low hazard, as pointed out by Stein et al. (2012), questions
the validity of the PSHA used to establish it. We may split
the anomalies as resulting from two main causes: (i) the event
magnitude is larger than the maximum earthquake used in the
model; (ii) the estimated frequency for the large magnitude
(ground motion) observed was underestimated.

Given that for common buildings the Poissonian distribu-
tion used for PSHA requires the integration of earthquakes
with recurrence intervals several times larger than 500 years
(~ 10 % exceedance probability in 50 years) or 2500 years
(2% exceedance probability in 50 years), it is recognized
(e.g. Stein et al., 2012) that the human observation period
is too short to assess the correctness of such models. In fact,
for short periods of time, the absence of a large earthquake
or its occurrence can always be considered a failure of the
model. One possible hope for objectively evaluating the re-
sults of PSHA would be aggregating results globally, as was
done by Rong et al. (2003) to evaluate the seismic gap model
and show that its predictions were not statistically significant.
In any case, policy makers and stakeholders should be aware
that although PSHA is widely used, it has not yet been val-
idated by objective testing. Thus PSHA should not be relied
on as a black box.

Incidentally, these anomalies result from smoothed-
catalogue methods, and for this reason, in recent years, as the
unexpected by PSHA events (ground motion) accumulated,
and as a response to the acknowledgement of the earthquake
generation complexities and our incomplete knowledge, un-
certainty has been more and more incorporated in PSHA
studies. Although uncertainties are still not fully included in
the decision making (e.g. building codes), their evaluation
may help to assess if, and when, the PSHA studies fail. The
PSHA map provides one simple figure to be used by the en-
gineers, but many examples of failure may well fall inside the
large uncertainty that is associated with that number, if prop-
erly computed. This is particularly so if the failure is due to
cause (ii) mentioned above, recurrence model underestima-
tion. The current work intends to be a contribution to PSHA
in slowly deforming regions by incorporating physical con-
strains related to plate tectonics.

The need for additional physical control on PSHA stud-
ies can be compared to an analogous problem in hydrology,
as pointed out by Klemes (1986, 1989). In hydrology, re-
searchers are expected to forecast large flood events with re-
currence periods of 100 years or more based on short-term
observations. The statistical models used fail to completely
account for the high variability of physical conditions that
concur to generate a large flood (Klemes, 1986). Even if the
shortcoming of small observation periods (which can be ex-
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tended by paleo-geological studies) is common to smoothed-
catalogue methods, we must mention a crucial difference be-
tween hydrology and seismology that is at the hearth of the
paper: in our work, the seismic moment release is ultimately
constrained by plate tectonics or long-term plate deforma-
tion. The global studies made by Bird and Kagan (2004)
showed that seismic coupling coefficients can be reliably
computed for all plate boundaries using the seismic moment
conservation principle.
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