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Abstract. Active fault databases are a very powerful and
useful tool in seismic hazard assessment, particularly when
singular faults are considered seismogenic sources. Active
fault databases are also a very relevant source of informa-
tion for earth scientists, earthquake engineers and even teach-
ers or journalists. Hence, active fault databases should be
updated and thoroughly reviewed on a regular basis in or-
der to keep a standard quality and uniformed criteria. De-
sirably, active fault databases should somehow indicate the
quality of the geological data and, particularly, the reliability
attributed to crucial fault-seismic parameters, such as max-
imum magnitude and recurrence interval. In this paper we
explain how we tackled these issues during the process of up-
dating and reviewing the Quaternary Active Fault Database
of Iberia (QAFI) to its current version 3. We devote partic-
ular attention to describing the scheme devised for classify-
ing the quality and representativeness of the geological ev-
idence of Quaternary activity and the accuracy of the slip
rate estimation in the database. Subsequently, we use this in-
formation as input for a straightforward rating of the level
of reliability of maximum magnitude and recurrence inter-
val fault seismic parameters. We conclude that QAFI v.3 is
a much better database than version 2 either for proper use
in seismic hazard applications or as an informative source
for non-specialized users. However, we already envision new
improvements for a future update.

1 Introduction

Active fault databases are both an important managing tool
for seismic hazard assessment as well as a convenient way of
displaying and sharing scientific information of active faults.
Knowledge about the location and activity degree of faults is
crucial for seismic hazard and risk assessment, particularly
for critical facilities such as nuclear power plants, radioac-
tive waste storages and chemical plants, but also for plan-
ning anthropic activities that may involve changing the nat-
ural stress state in the crust: water reservoirs, underground
gas storage, fracking, etc. The importance of active faults is
a matter of concern in modern seismic code provisions, for
example in Eurocode-8, in which official documents issued
by competent national authorities are referred to for the iden-
tification of such faults (e.g. Eurocode-8: Part 5; CEN, 2004).
Active fault databases are also key for tsunami hazard assess-
ments (e.g. Alvarez-Gémez et al., 2011) as well as for early
warning systems, which are largely based on precomputed
tsunamigenic faulting scenarios derived from information of
such databases (e.g. Gailler et al., 2013).

Since the Quaternary Active Faults Database of Iberia
(QAFI v.2) was released in February 2012 (Garcia-
Mayordomo et al., 2012a), an increasing number of studies
have made use of it. The most relevant use so far has been for
the creation of the new seismic hazard map of Spain (IGN-
UPM, 2013), performed considering the foreseen adoption
of Eurocode-8 throughout 2017. QAFI faults were consid-
ered to be complementary information for designing seismo-
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genic source-zones models, for estimating maximum mag-
nitude distributions in each source zone as well as assign-
ing the predominant rupture mechanism required for ground
motion prediction equations (GMPEs) (Garcifa-Mayordomo
et al., 2012b; Garcia-Mayordomo, 2015).

However, the seismogenic model did not explicitly con-
sider QAFI faults to be seismogenic sources. The National
Seismic Hazard Map Committee considered that the infor-
mation available at that time (ca. 2011) was not complete
enough to homogenously cover all the territory, and that it
was affected by large uncertainties that prevented its use for
producing an official standard for the country. Besides, a
number of tests showed that the most active faults in QAFI
(e.g. Eastern Betic Shear Zone) had a lower impact on hazard
when modelled as sources than a regular seismogenic-zone
for the targeted return periods of the map (475 and 950 year)
(Garcia-Mayordomo et al., 2012c).

Interestingly, Rivas (2013) analysed the effect of consid-
ering QAFI faults as sources in depth for the same return
periods and found that these faults were clearly controlling
the spatial distribution and amplitude of hazard. The reason
for this is found in the GMPE model used, which considered
near-source effects (e.g. Campbell and Bozorgnia, 2013), re-
markably increasing the hazard in the vicinity of the fault. Ri-
vas (2013) also tested the application of a Brownian passage
time renewal model for the Carboneras Fault, a major active
fault belonging to the Eastern Betic Shear Zone. Following
Rivas (2013) methodology, QAFI faults were modelled as
sources to update the seismic hazard map of the region of
Murcia (SE Spain), which was the basis for the design of the
new civil protection plans for the region after the My, =5.2
Lorca 2011 earthquake (Benito et al., 2015).

Although QAFI is mostly used for seismic hazard calcu-
lations, as explained above, the database has also become a
primary source of information for both researchers and jour-
nalists in the event of an earthquake in Spain. Reference to
QAFI is increasing in the frame of engineering projects, a
practice that is foreseen to be increased when the application
of Eurocode-8 comes into force in Spain.

However, since QAFI v.2 was released it was known that
the database presented important shortcomings for direct
use in seismic hazard assessment (Garcia-Mayordomo et al.,
2012a, d). There was a strong urge to review and update the
database in order to make it more complete, uniform and
consistent, in such a way that it could provide guidance on
the reliability of the seismic parameters of the faults, not just
for seismic hazard practitioners but for non-specialist users
as well. Fault-source characterization for hazard calculations
demands the quality of the geological information on which
seismic parameters are eventually derived to be somehow be
rated.

This paper summarises the work carried out to update
QAFI to v.3, aiming to improve completeness and homog-
enizing criteria and consistency across the database. Partic-
ular effort has been made to classify the quality of geologi-
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cal data in order to provide an objective reliability rating of
crucial fault-seismic parameters: maximum magnitude and
recurrence interval. As a result, QAFI v.3 is a much better
database than version 2, and more appropriate for use by
seismic hazard analysts and earth scientists, and even by non-
specialized users such as engineers, teachers or journalists.

2 Updating process to QAFI v.3
2.1 QAFI v.2 basic problems

It was well known since QAFI v.2 was released that the
database had some problems of completeness and unifor-
mity (Garcia-Mayordomo et al., 2012a, d), even though at
that time QAFI v.2 was the most informative source of ac-
tive faulting in Iberia. On one hand, some important sources
of information had not been analysed in detail (e.g. Neotec-
tonic Map of Spain: IGME and ENRESA, 1998; other re-
gional neotectonic maps: ITGE, 1991) and on the other hand,
some records were not properly compiled or not all possi-
ble data had been adequately compiled. That was the case
for some crucial database fields such as the description of
evidence of Quaternary activity, fault geometry parameters
(maximum depth, dip) and slip rates. Additionally, the vari-
ability range or error of important parameters (e.g. slip rate)
was not quoted and indicated in many cases. Hence, it was
clear that a thorough revision of existing but not yet com-
piled data, as well as a revision of the original sources of
information for already compiled data, was much needed.

Uniformity of criteria is of paramount importance in active
fault databases, especially when these are open to general and
not specialized users. The database fields’ maximum magni-
tudes and recurrence intervals, which are crucial in seismic
hazard applications, were not always calculated following
the same criteria and methods in QAFI v.2. The estimation
of the maximum magnitude was calculated using a variety
of empirical relationships, which in some cases offered very
different results, as was the case, for example, for Wells and
Coppersmith (1994) compared to the pre-instrumental equa-
tion of Stirling et al. (2002). Additionally, the independent
variable used in these equations was also different in many
cases, for example the length of surface rupture compared
to the rupture area. The consideration of equations derived
from subsets considering the style of faulting compared to
the overall dataset was also a common difference for a num-
ber of records. In a similar way, the estimation of the recur-
rence interval was approached in different ways, and when
information on uncertainty was available, it was not always
possible to discern with confidence how it had been calcu-
lated.

A main issue that a seismic hazard analyst has to face
eventually is quoting the reliability of different, but plausible
hypotheses regarding geological data and seismic parameters
of fault sources. The common approach to tackling this prob-
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Figure 1. Representation of the QAFI v.3 and Debated Faults databases. Users can query both databases online in http://info.igme.es/qafi/.

lem — elegantly called epistemic uncertainty — is to follow a
logic tree procedure in which each of the branches represent
different alternatives on which the analyst expresses his/her
confidence by assigning particular weights. This procedure
may become a difficult issue, particularly if the hazard an-
alyst is not acquainted with the active tectonics of the terri-
tory under study or simply because they are not specialized
in earthquake geology. Hence, it was envisioned that an obvi-
ous improvement in a future update of QAFI would consist of
devising a system for classifying the reliability of fault seis-
mic parameters, not just for hazard analysts but also for any
other potential users (e.g. researchers, engineers, journalists,
teachers, civil officers).

2.2 Revision and updating

QAFI v.3 was released in September 2015, after thorough
revision, updating and adding of new data (Fig. 1). For a
complete description of the fields that form the database the
reader is referred to QAFI v.3 documentation and guide avail-
able on the web (IGME, 2015). The new version contains
299 records, 30 % more than the old v.2. New records come
fundamentally after reviewing the complementary material
and reports that lead to the publication of the neotectonic
maps of Spain (IGME and ENRESA, 1998) and Murcia Re-
gion (ITGE, 1991). It is worth mentioning that only those
faults that were clearly named and identified in the reports
and the accompanying maps were considered for incorpo-
ration into the database. Faults failing to meet these crite-
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ria were not included as a record in the database, although
their cartographic traces can be shown together with QAFI
faults in the website. Additional sources of new information
were thesis dissertations (e.g. Simén, 1984), the special is-
sue on Active Tectonics in Iberia published in the Journal
of Iberian Geology (Martinez-Diaz et al., 2012), the pro-
ceedings of the Iberfault 2014 meeting (Alvarez-Gémez and
Martin-Gonzalez, 2014) and a number of papers published in
earth science journals since 2012.

QAFI v.2 records were revised one by one, verifying the
original sources of information referred to by the original
compilers and, in many cases, contacting them to help the
compiling process or just to get their approval on the up-
date of the data compilation. We wanted to keep the same
approach as used in QAFI v.2, that whenever possible the
main compiler should coincide with a major author on the
fault, even though it generally makes the compilation process
slower. Particular attention was paid to the database fields de-
scribing the evidence of Quaternary activity, age of last de-
formation, geometry and kinematics, and slip rate.

In some cases, the revision process led us to exclude cer-
tain faults from the final QAFI v.3 database. These faults
were moved to a new database called “Debated Faults”
(40 records) (Fig. 1). Debated faults are those that do not
show either concluding evidence of Quaternary activity or
evidence that is not yet published in a peer-reviewed journal.
The Debated Faults database is also available to the public
on the QAFI web site (IGME, 2015).

Nat. Hazards Earth Syst. Sci., 17, 1447-1459, 2017


http://info.igme.es/qafi/

1450 J. Garcia-Mayordomo et al.: Active fault databases: a bridge between geologists and practitioners

A special effort was made to produce a best estimation of
net slip rates (slip along displacement vector) and its uncer-
tainty. In many cases, slip rates were not estimated in the
original publications and had to be calculated ad hoc search-
ing for valuable data included in them. This calculation was
done transparently, clearly detailing the data and approach
used in a memo field associated with the estimation called
“brief comment”. In some cases there was not enough in-
formation for such an estimation and so slip rates were esti-
mated by expert judgement, usually by comparison to similar
faults in the area. In spite of the effort, 22 % of the records
still lack a slip rate estimation.

The variability/error field associated with slip rate in
QAFI v.3 may show either the range of variation of the es-
timation based on uncertainties in geological assumptions or
some sort of statistical error based on the randomness of the
measurements. An example of the former would be a slip
rate determination based on assumptions of the age of a non-
dated marker, which could lead to two extreme values; this
is usually quoted as a range (e.g. 0.5-1.0mkyr~!). For the
latter, consider for example a variability estimation based on
the standard deviation of radiometric dates given by a lab-
oratory; this is usually quoted in QAFI v.3 as an error (e.g.
+0.08 mkyr—1).

Finally, the revision and updating process included veri-
fying the cartographic traces of the faults against the orig-
inal sources of information, georeferencing all them to the
same date (ETRS89), and double-checking for a good match
with associated landforms as observed in satellite imagery
and DTMs. For those faults compiled from the Neotectonic
Map of Spain project georeferencing had to be done by hand
as the original source is made up of a composite of different
paper sheets, none of them properly georeferenced.

2.3 Criteria homogenization

In particular we refer here to the method considered for cal-
culating maximum magnitudes and associated recurrence in-
tervals. If an active fault database is going to include these
parameters, then it is important that they are calculated in
a consistent, homogenous way, allowing direct comparison
between records. It is up to the hazard analysts to eventu-
ally either assume these values or consider different ones for
their own purposes. However, for non-specialized users, such
as engineers or journalists, it is important that these critical
values are consistent and comparable across the database. In
QAFI v.3 maximum magnitude and recurrence interval have
been calculated consistently in the same way all through the
database, except for the latter, for which a few records (#12)
had conclusive palacoseismic data while for #111 (37 %) the
available data was simply not enough to draw an estimation.
In the case that an estimation for any of these data was al-
ready published, we kept and referenced it in the accompa-
nying brief comment memo field.
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Maximum magnitude is estimated in QAFI v.3 consider-
ing the value quoted in the field “length” of the fault, and
making use of Stirling et al. (2002) regression equation of
moment magnitude on the surface rupture length derived
from an updated instrumental dataset after Wells and Cop-
persmith (1994). Length is a field that is always accounted
for in every record of QAFI v.3 and one of the fields that can
be more accurately estimated, compared to rupture area, for
instance, for which uncertainties in the variation of dip with
depth as well as the maximum brittle depth of the fault itself
strongly affect the result. Hence, length was chosen as the
independent variable for obtaining moment magnitude con-
sidering an equation based on empirical data.

The choice of Stirling et al. (2002) took place along
with several working meetings devoted to the intensity-to-
moment magnitude conversion equation (I — M,,) in the
frame of the preparation of the Spanish National Hazard
Map (IGN-UPM, 2013). In countries with a long historical
earthquake record, such as Spain, this conversion is a cru-
cial issue as it determines the maximum magnitude of the
events in the catalogue. Desirably, these conversion equa-
tions have to provide outputs consistent not just with dam-
age descriptions in buildings but also with known environ-
mental effects, such as those described in the Environmen-
tal Seismic Intensity (ESI) scale (Michetti et al., 2007). For
instance, in the ESI scale, surface-rupture earthquakes ap-
pear from intensity VIII onwards, so it would not be rea-
sonable that pre-instrumental events with lower intensities
could be converted to My, > 6.0. An additional issue is the
estimation of the upper bound of the Gutenberg—Richter dis-
tribution when characterizing seismogenic sources. In seis-
mic hazard assessment practice this is usually done based on
the maximum event recorded in the zone (e.g. adding to it
0.5 magnitude units), and desirably it should be consistent
with the maximum My, that could be derived from the active
faults contained in the zone. Furthermore, for zones show-
ing scarce seismicity, the estimation of maximum M,, from
fault data may be the most reliable approach, if not the only
one. Hence, a set of equations available at that time were
tested against the outputs of the I — M,, conversion equa-
tion (see Garcia-Mayordomo, 2015 and references therein),
and the only two available data on fault ruptures and his-
torical earthquakes in Spain (e.g. 1884 Arenas del Rey and
1829 Torrevieja earthquakes, related to Ventas de Zafarraya
and Bajo Segura Faults, respectively). It was found that the
outcomes of the Stirling et al. (2002) equation were the most
consistent. Nevertheless, for the faults located in the Gulf
of Cadiz, where thick oceanic crust occur, maximum magni-
tudes may be much higher than predicted from that relation-
ship. For these records the maximum magnitude brief com-
ment memo field describes other alternatives and estimations
cited in published literature.

The variability/error field for maximum magnitude in
QAFI v.3 simply accounts for the standard deviation of ex-
pected M,, according to the Stirling et al. (2002) equation for
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the instrumental dataset. In those cases where uncertainty in
length is significant, we use the brief comment memo field to
explain and account for this issue in the magnitude estima-
tion. For example, the Palomares fault (ES609), a 5-10km
wide N-S shear zone that forms part of the Eastern Betic
Shear Zone, is ca. 60 km long, although to estimate maxi-
mum magnitude in QAFI v.3 we used 10km, which is the
maximum length of single fault traces inside the shear zone.
A hazard analyst may also consider plausible a multisegment
rupture comprising 60km and include this possibility as a
branch in a logic tree scheme.

The recurrence interval in QAFI v.3 is estimated consid-
ering the maximum magnitude earthquake model (MEM)
(Wesnousky, 1986). This model assumes that each fault or
fault segment releases a seismic moment in just one maxi-
mum event that marks the end/beginning of a seismic cycle.
The opposite model considers that the fault releases seismic
moment by means of events of all sizes fitting an exponen-
tial distribution — i.e. a Gutenberg—Richter relationship. An
intermediate model is the characteristic earthquake model
(Schwartz and Coppersmith, 1984), in which the fault pro-
duces events of all sizes up to a certain maximum, above
which the fault only produces maximum events (see Wes-
nousky, 1994). QAFI v.3 considers the MEM model since it
is a simple and straightforward method that can be invoked
by only considering geological data obtained from the field.

In considering the MEM, slip rate (SR) represents the av-
erage rate at which maximum earthquakes are released by the
fault. Because these maximum earthquakes are all of a sim-
ilar size, and so they were produced by a similar coseismic
displacement (D) on the fault plane, their average frequency
(i.e. recurrence interval, RI) can be simply calculated as fol-
lows:

D

RI=—.
SR

However, the parameter displacement (D) of such a sin-
gle maximum event is very difficult to specify, either from
palaeoseismic studies or from empirical regressions on the
length of the surface rupture, which so far show tremendous
uncertainty. In QAFI v.3 we calculated recurrence intervals
considering the ratio between the seismic moment released
from a maximum event and the seismic moment rate defined
by slip rate. Maximum seismic moment (My) is calculated
from maximum moment magnitude (My,) using the Hanks
and Kanamori (1979) equation:

2
My, = 3 log My10.7.
Seismic moment rate (Mo) is obtained using Aki’s equation

(Aki, 1966), substituting average fault displacement (D) for
slip rate:

Mo=A-SR-p.
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Recurrence interval (RI) is eventually calculated as follows:

My 10!-5Mw+16.05
Rl=—=———

MO A-SR- M
This procedure means that My, is not independently derived,
but empirically obtained from the length of the fault, which
is a variable included twice when calculating rupture area in
the seismic moment equation.

The recurrence interval field in QAFI v.3 accounts for a
best estimation, which could result from considering either a
preferred value of slip rate or an average slip rate. The vari-
ability/error is given as a range, bounded by the maximum
and minimum values that result from accounting for the stan-
dard deviation of maximum magnitude and the variability of
slip rate (either as a range or as a deviation). As mentioned
before, for a few records (#12) the recurrence interval quoted
in the database is the one originally published in journals, al-
beit the brief comment field still accounts for the recurrence
interval as calculated with MEM for comparative purposes.

Finally, in order to be as informative as possible for non-
specialized users of the database, the brief comment field
associated with recurrence interval includes a statement in-
dicating that the recurrence interval of smaller but damaging
earthquakes may be much shorter than that one for maximum
events.

3 Assessing the quality of geological data and the
reliability of seismic parameters

One of the most outstanding differences of QAFI v.3 from the
previous version 2 is that the reliability of seismic parameters
maximum magnitude and recurrence interval is classified ac-
cording to the quality of the geological data on which they
were derived. We believe this is very relevant progress con-
sidering that the use of this database is increasingly widening
not just among earthquake science researchers or hazard an-
alysts, but government agencies, industry and even mass me-
dia. There is an obvious need for any user to quickly grasp
how reliable the data are for a particular fault of the database,
and particularly sensitive are its maximum magnitude and
recurrence interval. These two seismic parameters are funda-
mental for modelling a fault as a seismogenic source in seis-
mic hazard analysis and, additionally, they are interpreted by
the general public as indicators of the potential hazardous-
ness of a fault.

In QAFI v.3 both maximum magnitude and recurrence in-
terval are obtained directly or indirectly from geological data,
as explained in the previous section. It becomes apparent that
rating the reliability of these two parameters should be based
on the quality and representativeness of the geological data
from which they are eventually obtained. Desirably, the rat-
ing procedure should be as automatic and objective as pos-
sible, accounting for just the evidence and avoiding subjec-
tiveness as much as possible.
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To account for the quality and representativeness of the ge-
ological data in QAFI v.3, we have added two new database
fields named “strength of the Quaternary evidence” and “ac-
curacy of the estimation” of slip rate. The former serves to
eventually rate the reliability of maximum magnitude and the
latter to rate recurrence interval.

When evaluating the reliability of maximum magnitude
we refer here to the possibility that the fault could actually
produce maximum events — i.e. an event that ruptures the
surface for a similar extent to its measured length. We are
not evaluating the credibility of the actual value of the mag-
nitude. QAFI v.3 rates the epistemic uncertainty of maximum
magnitude, conversely to the aleatory uncertainty that results
from the natural variability of the fault-rupture parameters or
from the use of empirical equations. Hence, our reliability
rating is based on whether there is evidence that the fault has
produced such events that geologists are able to recognize to-
day in the field. In QAFI v.3 this is evaluated in the “strength
of the Quaternary evidence” database field.

Rating of recurrence interval reliability is based both on
the reliability rating of maximum magnitude and slip rate
“accuracy of the determination”. Slip rate is a key parame-
ter in fault-source modelling, particularly in modelling earth-
quake frequency. In QAFI v.3 we calculate recurrence inter-
val assuming a MEM (Wesnousky, 1986), as explained in the
precedent section, and so the size of the maximum event is
as crucial as slip rate for estimating the average frequency
between maximum earthquakes. Furthermore, slip rate and
maximum magnitude are also both crucial in other fault be-
haviour models, for example for determining the seismic ac-
tivity rate of the fault in a Gutenberg—Richter-type model
(e.g. Anderson and Luco, 1983; Youngs and Coppersmith,
1985). Hence, the reliability of the recurrence interval, or any
other parameter related to fault-earthquake frequency, has to
be considered jointly with the reliability of maximum mag-
nitude (previously rated considering the strength of the evi-
dence) and the accuracy of the slip determination.

We shall now show how we account in QAFI v.3 for the
database fields strength of the evidence and accuracy of the
slip rate determination, and subsequently explain the details
of the procedure followed to rate the reliability of maximum
magnitude and recurrence interval.

3.1 Strength of the Quaternary activity evidence (SQE)

This database field evaluates the quality, significance and
representativeness of the information provided in the original
bibliographic references from which data in the fields named
“geomorphic evidence” and “age of the youngest deposit af-
fected by the fault” are compiled (see Garcia-Mayordomo et
al., 2012a, d). Please note that we are not rating the quality of
published work. The quality of the work is taken for granted,
as it is assumed that it reached at least the minimum stan-
dards of the journal where the information was published at
the time. What is evaluated here are the scale, methods, and
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detail of the observations that support the Quaternary activ-
ity evidence of the fault. This process was performed record
by record once the compiling of new data was finished, and
based on the experience gained after the revision of the entire
database (see section on updating QAFI).

Strength of the Quaternary Evidence (SQE) is classified
in three increasing levels of accumulated evidence: Csqg,
Bsqe and Agqg. Differentiation among classes is based on
the scale of the observations and detail involved in obtaining
the observations. Table 1 summarizes typical observations,
scale and methods that usually characterize the available in-
formation at each level of evidence. Note that the classes
denote accumulated evidence and increasingly stronger evi-
dence. It is convenient to highlight that we are not evaluating
the degree of activity of the fault here, but the significance of
the evidence of activity in Quaternary times.

Class Csqr encompasses the less significant evidence.
This is inferred from regional-scale observations of the fault
trace, from interpretations of general geological maps or
broad range geophysical methods to digital terrain mod-
els (DTM) (Table 1). At this level, there is usually a lack
of field work focused on demonstrating inferred evidence,
or the detail of the field work has not proved conclusive so
far. Geochronology is usually only known in broad relative
terms as Quaternary or in terms of the different stages of the
Quaternary Period (Upper Pleistocene, etc.). Similarly, Qua-
ternary landforms or deposits are mapped in broad, generic
units: terraces, alluvial fans, etc.). Numeric dating of certain
deposits is usually lacking or they are very scarce.

Class Bsqg assigns faults that, having class Csqg evi-
dence, also have additional observations from larger-scale
works, and usually some field work. Quaternary geochronol-
ogy is better constrained, although numeric dating of relevant
stratigraphic units may still be lacking. The arrangement of
Quaternary units is known more precisely and there is a dif-
ferentiation of phases or stages inside generic landforms (e.g.
differentiation between generations of alluvial fans or fluvial
terraces) (Table 1).

Class Agqr faults are those that have class Bsqg
(and CsqEg) evidence, as well as conclusive observations ob-
tained from field work. In general, Level Agqg evidence
is gained after intensive work at the office (e.g. photo-
interpretation, DTM analysis, . .. ) followed by field work fo-
cused on confirming the evidence (e.g. trenching) (Table 1).
Level Asqg observations indicate the activity of the fault as
a major controlling agent of Quaternary landforms or sedi-
mentation, for example fault scarps offsetting Quaternary de-
posits. Numeric geochronology may still be lacking, but the
refinement reached on the definition of the geomorphic units
allows a reliable approximation to their age based on their
relative spatial associations.

When rating the strength of the evidence, we should also
consider its representativeness along the fault trace. In order
to account for this issue, a plus sign (4) is added to the as-
signed level of SQE of the fault (e.g. A+) when the evidence
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Table 1. Classification of the strength of the Quaternary activity evidence (SQE) of a fault in three levels of increasing significance, based
on the scale of the available observations, type of data and methods used. The classification is not intended to be exhaustive but to furnish
the approach and criteria used in QAFI v.3. See text for further information.

Classification of the strength of the Quaternary activity evidence (SQE)

Class C* — evidence inferred from the following

— Regional-scale geological maps (1/100000 or smaller)

— Terrain/drainage/geomorphic anomalies at broad scale

— Geophysical methods performed at broad scale (e.g. Bouguer anomaly, magnetic anomalies)
— Interpretations from poor-quality multichannel seismic lines

Class B* — additional evidence based on interpretations from the following

— Detailed-scale geological maps (1/50000 or larger)

— Geomorphic indexes indicating relatively recent activity (e.g. mountain front sinuosity, valley width to

valley height ratio, stream length-gradient index)

— Drainage network anomalies (e.g. fault-aligned deflections, beheaded valleys, longitudinal profile

anomalies, differential dissection, captures)

— Landforms anomalies (e.g. scarps, ponds, ridges, faceted spurs)

— Geophysical methods performed at detailed scale

— Good-quality multichannel seismic lines

Class A* — additional direct evidence from field data:

— Fault scarp controlling Quaternary geomorphic landforms

— Quaternary sedimentation processes controlled by tectonics

— Fault offsetting or folding Quaternary deposits at surface or subsurface
— Interpretations from high-resolution geophysical methods

* Note that a “+ sign is added to the class when evidence is reported at different locations along the fault trace (e.g. C+).

is consistently reported at different locations. However, this
is a difficult issue to evaluate as the evidence of Quaternary
activity of a fault may vary along its trace for very differ-
ent reasons in addition to its activity degree. For example, it
could be due to natural erosion/sedimentation processes, fre-
quently in relation to anthropogenic activities, that may have
blurred the evidence at some sections and thus biased avail-
able studies relative to other parts of the fault.

Distribution of SQE in the QAFI v.3 database shows that
the majority of the records belong to class B (39 %, #101),
followed closely by classes A (32 %, #83) and C (28 %,
#73) (Fig. 2). Note that this distribution does not account for
42 records that were not evaluated, all of them located in Por-
tuguese territory. Interestingly, practically all the records that
show a + sign in their SQE belong to class A. This situation
may suggest that interpretations on the activity of a fault are
often based on single location data; however reasonable that
statement seems, we cannot reject that it may be an artifi-
cial bias from the evaluation process, as the effort was more
focused on level A records.

3.2 Accuracy of the slip rate estimation (ASR)

This database field rates an estimation of the net slip rate of a
fault on the basis of the accuracy of the parameters involved
in its calculation, particularly displacement and age. The slip
rate estimation may come from original research published
in a journal or may be produced ad hoc as part of the revision
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Figure 2. Distribution of level classes of strength of the Quaternary
activity evidence (SQE) in QAFI v.3 database. See text for further
details.

and updating process performed in QAFI (see previous sec-
tion) from data either published in original publications or
estimated by expert judgment. Accuracy of the slip rate esti-
mation (ASR) differentiates among three increasing levels of
accuracy: Casr, Basr and Asr.

Class Cagsr corresponds to a slip rate estimation based on
the displacement of a marker measured from the interpreta-
tion of large-scale cartography or DTMs, while age control of
the marker is assumed to correspond to generic Quaternary,
Plio-Quaternary or the different stages that form the Quater-
nary Period (e.g. 125 ka Upper Pleistocene). Class Cagsr slip
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rates are broad approximations that usually lack direct ob-
servations of the slip vector and dip of the fault, and it may
be assumed from generic considerations on the general kine-
matics of the fault (e.g. a rake of —90° for a 60° dip normal
fault). Furthermore, in many cases slip rates are just assumed
from comparison with similar faults in the region. The uncer-
tainty of the estimation is very large and strongly depends on
the broad controlling age considered.

Class Basr corresponds to an estimation where one of the
basic parameters, displacement or age, is well constrained.
Displacement of the marker may be measured from the in-
terpretation of large-scale cartography after some field work
and age may be controlled by numeric dating of the marker
or by association with similar stratigraphic units dated in the
area. The slip vector of the fault and/or its dip are also bet-
ter constrained than in class Casr. A net slip rate is usu-
ally estimated in addition to the vertical/horizontal compo-
nents. Uncertainties can still be very large, but the range of
maximum and minimum values is better constrained than in
class Casr estimations. Very often contrasting slip rate val-
ues are obtained when considering different hypothesis on
the displacement and age of the marker.

Class Aasr describes slip rate estimations for which both
displacement and age control are constrained by measure-
ments at outcrop scale and age obtained from numeric dating
methods or inferred from them. There is also a good knowl-
edge on the true slip-vector and dip of the fault and, accord-
ingly, net slip rate values are usually produced in the publi-
cations. Uncertainties in the estimation still can be large, but
conversely to classes Casr or Basr, these depend largely on
the accuracy of the dating results and their interpretation in
relation to the true age of the marker. Uncertainties are usu-
ally quoted as standard deviations or by similar statistical pa-
rameters (e.g. mean error). Age and displacement are clearly
stated in the original publication in such a way that any reader
could calculate exactly the same values. Typically, there is a
discussion on the variation of the slip rate of the fault along
different periods of activity.

Most of the slip rates in QAFI v.3 have been rated as
class Casr (58 %, #150), distantly followed by classes Basr
(10 %, #25) and Aasr (6 %, #15) (Fig. 3). As in the previous
section, 42 records belonging to faults located in Portuguese
territory were not included in this analysis. For a significant
fraction of the dataset (26 %, #67) rating slip rate is not pos-
sible simply because such an estimation is not available, not
even in terms of “expert judgment”. The accuracy in the de-
termination of slip rates has varied considerably in the last
10 years of active tectonics research in Spain. The younger
the paper, the higher the effort in obtaining an accurate esti-
mation of slip rate, reflecting clearly the increasing interest
of Spanish geologists in seismic hazard practice.
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Figure 3. Distribution of classes of accuracy of the slip rate estima-
tion (ASR) in QAFI v.3 database. See text for further details.
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3.3 Reliability of maximum magnitude (RMM)

The reliability level assigned to a maximum magnitude esti-
mation for an active fault should be based on the quality and
representativeness of the geological information from which
the estimation was eventually obtained (see the introduction
of the section). However, for hazard analysts who are not par-
ticularly specialized in earthquake geology, this is not an ap-
parent issue and sometimes neither is it for specialized ones,
as analysing and evaluating geological data is usually com-
plex and time consuming. Therefore, an objective indication
of the reliability level of a maximum magnitude estimation
should be a practical and desirable output in any active fault
database.

We propose here that the reliability of maximum magni-
tude should be determined based upon the SQE (Strength
of the Quaternary activity Evidence) classes defined for
QAFI v.3 (Fig. 4). As explained in the introduction of the
section, here reliability is a concept linked to epistemic un-
certainty (i.e. whether it is plausible that a particular fault
could produce a maximum event) rather than to aleatory un-
certainty, with regards to the value of the magnitude asso-
ciated with such an event. Regardless, a reliable estimation
of maximum magnitude should always be accompanied by
a discussion on the sources of uncertainty and its impact on
the expected value. Additionally, such a reliable estimation
should be reached by a reader just considering the data and
information provided in the paper. QAFI v.3 thus defines
a new database field called “reliability of maximum mag-
nitude” (RMM), which accounts for four levels of increas-
ing reliability: Drmm, CrvM, BRvm and Armm. These lev-
els are also named speculative, poorly reliable, reliable, and
highly reliable.

A highly reliable level (Apn) is assigned only when the
SQE of the fault has been rated A™ — i.e. the Quaternary ac-
tivity of the fault is clearly evidenced and consistent along
its trace. Hence, the occurrence of past earthquakes that rup-
tured all the fault or segment trace is very plausible (Fig. 4).
An Amm level is usually based on published information
that discusses possible segmentation of the fault based on
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Inferred evidence at broad-scale
(or from poor quality multichannel seismic profiles)
Lineaments, anomalous landforms/drainage
Inferred at fine-scale + field-work
B (or from good quality multichannel seismic profiles)
Geom. Indexes, anomalous landforms/drainage
Direct evidence from field-work
A (or from high resolution geophysics)
Fault controls Quaternary sedimentation

*A plus sign (+) indicates that the evidence is found at multiple
locations along the fault trace

Maximum magnitude

HIGHLY RELIABLE (:0)
Strong evidence of earthquakes rupturing all
fault/segment trace (QE is A*)

RELIABLE (:0)
Evidence of surface rupturing earthquakes (QE is
AorBY)

POORLY REALIABLE
Highly interpretative
(QEis Bor C*)
SPECULATIVE
Neither sufficient data or uncertainty control
(QEisC)
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. Displacement and age inferred from

regional-scale and generic Q.

Displacement or age measured in the
field. Slip vector is known.

Displacement and age measured in the
field. Numeric dating.

Recurrence interval

HIGHLY RELIABLE (:0)
Both epistemic and aleatory uncertainty sources are
delimited (MM is A and SR is A)

REALIABLE (:0)
At least aleatory uncertainty sources are delimited
(MM is B and SR is either A or B)

C POORLY RELIABLE

Highly
(MM is C and SR is either B or C)

Neither sufficient data or uncertainty control
(MM is D)

interpretative

Figure 4. Diagram summarizing the scheme followed in QAFI v.3 for rating the reliability of maximum magnitude (RMM) and recurrence
interval (RRI) on the basis of the strength of the Quaternary activity evidence (SQE) and the accuracy of the slip rate estimation (ASR). First,
the SQE of the fault is classified based on the detail of the available published observations in three increasing levels of accumulated evidence,
varying from C (weak) to A (very strong). A plus sign (4) is assigned when the observations can be extrapolated with confidence all along
the fault trace. Second, the ASR is classified based on the accuracy of the information used for its determination, varying from C (rough) to
A (accurate). Third, RMM is obtained from SQE class, varying from A (highly reliable) to D (speculative). Fourth, RRI is obtained from
both RMM and ASR. The resulting RRI would never be higher than the rated level for RMM, yet it could be lower depending on the ASR
(these relationships are not shown on the diagram for the sake of simplicity). See text and Table 1 for a more extensive explanation.

slip rate variations, geometry variations or other related is-
sues. Furthermore, the uncertainty in the maximum magni-
tude estimation procedure is usually analysed in the publica-
tion considering different sources such as variation of rupture
parameters (length, width, depth), variation of displacement
per event at outcrop scale, variation from the use of different
empirical equations according to type of faulting or tectonic
environment and the nature of the crust. Eventually, the au-
thors may prefer a particular maximum magnitude value to
another, this choice always being clearly explained in the pa-
per in such a way that a reader could calculate the same figure
and its associated uncertainty.

A Bryu level (reliable) is assigned when the SQE of the
fault is either A or BT (Fig. 4). For these faults there is usu-
ally a lack of palaeoseismic studies, but the geological infor-
mation is good enough for analysing uncertainties from the
variation of rupture parameters, as well as for the variation
of style of faulting or tectonic regimen according to different
scaling relationships. A general reader is usually able to cal-
culate the same maximum magnitude MM value as proposed
by the authors based on the data stated in the paper.

A Crwmm level (poorly reliable) comes from a fault with an
SQE that is either B or C (Fig. 4). An additional lower level
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called speculative (Drym ) is considered for rating maximum
magnitude estimations specifically derived from sources in
which crucial data regarding to the calculation is missing and
so it is impossible for a reader to reach a similar value with-
out making speculative assumptions.

Approximately two-thirds of the records in QAFI v.3
database, excluding 42 records in Portugal, show a maximum
magnitude estimation rated as poorly reliable (Crym) or
speculative (Drvm) (41 and 26 %, respectively) (Fig. 5). The
other third are very reliable (Arym) or just reliable (Bryvm)
(21 and 11 %, respectively). This situation highlights the im-
portance of being prudent when using these data and trying
not to jump to conclusions, without first checking reliability.

3.4 Reliability of recurrence interval (RRI)

Rating the reliability of the recurrence interval of maximum
events of an active fault should be based on the two basic
parameters that are involved in such an estimation: maxi-
mum magnitude and slip rate (see the introduction of the
section). Therefore, here we proposed to evaluate the relia-
bility of a recurrence interval estimation after rating the level
of reliability of maximum magnitude (RMM) and the accu-
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Figure 5. Distribution of rating levels for the database field relia-
bility of the maximum magnitude estimation (RMM) in QAFI v.3
database. See text for explanations.

racy of the slip rate determination (ASR) (Fig. 4). Similarly
to RMM, an estimation of recurrence interval should always
include an uncertainty analysis and its impact.

QAFI v.3 defines a database field called reliability of re-
currence interval (RRI), which accounts for four levels of in-
creasing reliability: Drry, Crri, Brrr and Agrgy. Similarly
to RMM these levels are also named speculative, poorly re-
liable, reliable, and highly reliable. Although QAFI v.3 has
chosen to show recurrence interval calculated following the
MEM (see introduction), the rating levels hereby defined for
recurrence interval can be easily adapted to rate the reliabil-
ity of earthquake frequency parameters in any other model of
fault behaviour that relies on maximum seismic moment and
seismic moment rate.

A highly reliable level (Agrgy) is attributed only when both
RMM and ASR have the highest rating (Fig. 4). Published in-
formation on a fault with a Argy level usually thoroughly dis-
cuss uncertainties both from epistemic and aleatory sources.
The former at least accounts for the possibility that maximum
events happened clustered in time and for the consistency be-
tween the size of maximum events derived from single-event
displacements in the field and the maximum rupture dimen-
sions of the fault. The source of aleatory uncertainty accounts
for variations in the number of possible events in a time pe-
riod, which also has an associated error in relation to the nu-
meric dating results and their interpretation. The authors of
the information may prefer a particular recurrence interval
value to another, but this is always clearly stated in the paper
so an external reviewer could reach the same value, similarly
to what is explained in the preceding section for RMM. Un-
certainty is usually quoted as a range (maximum to minimum
possible values) or using a statistical parameter as standard
deviation or mean average error.

Level Brg (reliable) results from a record in which RMM
and ASR have been rated B and A or B, respectively (Fig. 4).
An analysis of the aleatory sources of uncertainty is usu-
ally included in the published information and the uncer-
tainty is quoted either as a range or an error. A poorly re-
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Figure 6. Distribution of rating levels for the database field reliabil-
ity of recurrence interval (RRI) in QAFI v.3 database. See text for
explanations.

liable level (Crpry) is assigned when RMM has been rated C
and ASR rated B or C (Fig. 4). This level rates the recur-
rence interval estimation as highly interpretative. The infor-
mation indicates tentative bounds for the range of variation of
the parameter. Finally, an additional Dryy level (speculative)
is considered to rate recurrence interval estimations derived
from information sources that lack sufficient data to pursue
the procedure followed to reach the estimation and/or when
any source of uncertainty is considered.

More than half of QAFI v.3 records show a recurrence
interval estimation rated as poorly reliable or speculative
(44 and 16 %, respectively) (Fig. 6). Estimations rated as
reliable or highly reliable sum up 14 % of the total (9 and
5 %, respectively). A significant fraction (26 %) corresponds
to records in which there was no available information on
the slip rate and hence RRI could not be rated. Note that
42 records belonging to faults located in Portugal were not
considered in the statistics. Estimations rated highly reli-
able (#12) coincide with faults having specific palaecoseismic
and active tectonic studies. Interestingly, these faults do not
always coincide with the most active of the database but with
the most studied.

4 Summary and discussion

Active fault databases are an important source of system-
atized knowledge, not just for hazard analysts and earthquake
science researchers, but also for engineers following seismic
regulations, journalists looking for information for articles,
and even for common citizens. In this context, active fault
databases should be updated on a regular basis, show unifor-
mity of criteria and somehow indicate the quality of the raw
information and the reliability of seismic hazard parameters
derived from it. By updating QAFTI to version 3 we have tried
to closely follow those assertions.

QAFI v.3 is a more complete, homogenous and better
quality database than QAFI v.2, the previous version released
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in February 2012. QAFI v.3 contains 299 records, which is
30 % more than v.2. All of them have been revised aimed at
reaching a minimum quality and homogenous standard for
the entire database. It was found that 40 records did not ac-
tually show concluding evidence of Quaternary activity or
were not yet published and so were excluded from QAFI v.3
and stored in a newly developed database named “Debated
Faults”. This database can be downloaded from the QAFI
web site (IGME, 2015) and displayed online together with
QAFI faults.

The seismic parameters maximum magnitude and recur-
rence interval have been calculated uniformly throughout
QAFI v.3. For the former we used the length of the fault
and Stirling et al. (2002) regression on My, derived from
an updated instrumental dataset based on Wells and Copper-
smith (1994). Our primary interest was to produce My, esti-
mations comparable from fault to fault across the database,
using a well-controlled parameter (length) and an equation
that have shown consistent outputs with the intensity-to-My,
relationship used in the official seismic hazard map of Spain
(IGN-UPM, 2013). We do not advocate for the use of ei-
ther that parameter or that empirical equation for calculat-
ing fault-related magnitudes in Iberia. The issue is left to be
solved by a seismic hazard analyst, depending on the scope
and scale of a particular project. For instance, we warn that
for maximum magnitudes of the faults located in the thick
oceanic crust of the Gulf of Cadiz an alternative approach
should be considered. The recurrence interval is calculated,
assuming the maximum magnitude earthquake model (Wes-
nousky, 1986) from the ratio between maximum seismic mo-
ment (from maximum My,) and seismic moment rate (from
slip rate). Similarly, we do not advocate that this model bet-
ter fits the seismogenic behaviour of Iberian faults, but rather
that it is a model completely based on geological data and
convenient for comparing among faults across the database.

Although final decisions on the expected values and vari-
ation of maximum magnitude or recurrence interval are up
to the hazard analyst, QAFI v.3 presents a scheme for rating
the reliability of these two crucial parameters in a straightfor-
ward and objective way based on the quality and representa-
tiveness of the available geological information. Reliability
is graded in four levels: speculative (D), poorly reliable (C),
reliable (B) and highly reliable (A) (Fig. 3). Reliability lev-
els are assigned straightforwardly depending on the qualifi-
cation obtained in two extra fields that evaluate the geologi-
cal data: strength of the Quaternary activity evidence (SQE)
and accuracy of the slip rate estimation (ASR). We believe
that this scheme is very valuable for any potential user of
the database. Hazard analysts can use it to support decision
making when building logic trees or managing epistemic un-
certainty in general. Furthermore, general users can use it to
quickly check the quality of the available information, detect
knowledge gaps and learn about to what extent results can be
trusted.
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Two important shortcomings in QAFI v.3 are the large
number of records for which we have no estimation of slip
rate (26 %), and the need to thoroughly review 42 (14 %)
records belonging to faults located in Portugal. Regarding
the former, part of the problem derives from our interest in
keeping the v.2 concept in the sense that whenever possible
the compiler is also the major author of the fault. This point
sometimes leads to compilations that do not make the best
use of the available data, depending on the willingness of
the author and his/her support of the QAFI project. In other
cases, it is because there is simply a lack of sufficient data.
Nevertheless, a forthcoming version of the database should
address this problem in such a way that every record shows a
slip rate estimation, even though many of them will be esti-
mated as expert judgment based on slip rates of similar faults
in the vicinity or from geodetic data. Additionally, extra ef-
fort has to be made to quote slip rate uncertainties, and doing
it whenever possible following the same criteria and proce-
dure across the database. Finally, the available information
about Quaternary faults in Portugal has not yet been thor-
oughly analysed. This would be addressed in a future QAFI
version. Additionally, in the case of Spain it would be con-
venient to explore sources of information older that the Neo-
tectonic Map (IGME and ENRESA, 1998), taking advantage
of the fact that all Spanish territory has been mapped geolog-
ically at 1:50000 scale (MAGNA National project: IGME,
2017).

The process of reviewing and updating QAFI has been an
opportunity to learn about the evolution of active tectonic
studies in Spain for the last 30 years. It has also given us
an opportunity to detect shortcomings as well as to propose
improvements. Before ca. 1990 most of the efforts were de-
voted to Neogene sediments, and most of the studies use the
name “neotectonic” to refer to tectonic deformations from
the Upper Miocene to the present. From a tectonic point of
view the Quaternary was not yet a matter of proper study.
Later, studies focused on tectonics affecting Quaternary sed-
iments and geomorphic features began to emerge. Initially
these studies were qualitative in character, mostly devoted to
illustrating the evidence. As the interest of including geolog-
ical data in hazard analysis practice in Spain is consolidated,
these studies gradually become more quantitative. A greater
deal of work is then dedicated to slip rate estimation and
geochronology dating of the most affected recent sediments.
In current times, practically all of the papers published on ac-
tive tectonics in Spain attempt to quantify fault-geometry and
-kinematic parameters, potential maximum magnitudes and
recurrence intervals. It should be warned that in some cases
major interpretations are based on very few measurements,
on data that show great variability (e.g. numeric dating), or
they are just based on observations at single locations (e.g.
a trench). This situation brings up recommendations for fu-
ture active tectonic studies in Spain: identifying the sources
of uncertainty and quantifying them in a standard way.
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5 Conclusion

QAFI v.3 is a much better source of information for seis-
mic hazard analysts of active faults in Iberia than version 2.
The new version is more complete, more uniform and con-
sistent. Furthermore, QAFI v.3 serves as a baseline for man-
aging epistemic uncertainty in fault hazard analysis. The re-
liability of maximum magnitude and recurrence interval of
faults is rated based on the quality and representativeness of
the geological data from which these parameters are eventu-
ally derived. However, it is warned that the QAFI database
is a regional-scope project, and hence it should not substitute
further geological studies in any way that may be appropri-
ate to be carried out for site-specific hazard analysis or local-
scale hazard mapping. QAFI database is updated roughly ev-
ery 4 years and always after the celebration of the Iberian
meetings on Active Faults and Palaeoseismology (e.g. IBER-
FAULT, 2014).
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loaded at http://info.igme.es/qafi/ (IGME, 2015).
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