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Abstract This paper details the evolution, preci-
sion and completeness of the earthquake catalogue
compiled by the Spanish National Geographic Insti-
tute. Over 100,000 earthquakes are included in this
database, occurred in a region embracing Spain, Portu-
gal, Morocco, Andorra and parts of France and Alge-
ria. The catalogue has improved along time, thanks
to the development of the seismic network and the
upgrades of the routine data acquisition and analy-
sis. The location precision is found to be much better
on the Iberian Peninsula than offshore and benefit-
ted especially from the implementation of modern
automatic procedures for hypocentral determinations.
The different magnitude scales reported in the cata-
logue, and effects of their changes, are reviewed. In
the Iberian Peninsula, Canary Islands and surround-
ings, detailed successive maps of magnitude of com-
pleteness show an overall improvement over the last
decades, particularly sudden when the digital broad-
band network was deployed. Earthquakes are found to
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be more frequently recorded during nights and week-
ends, thanks to the lower artificial noise. Despite most
blasts have been filtered out of the catalogue, exam-
ples of remaining ones are identified by their spatial
clustering around mines and quarries, and their tim-
ing at the intervals at which blasts are set off (even at
night, in contrast to the common assumption that they
only occur during daytime). This work highlights the
importance of unveiling the spatial and temporal het-
erogeneities of earthquake catalogues and aims to help
future analyses of the seismicity in the region.

Keywords Seismic monitoring - Statistical
seismology - Africa - Europe

1 Introduction

The capabilities for detecting and characterizing earth-
quakes in any region are limited and evolve throughout
time. Consequently, the resulting earthquake cata-
logue is far from being obtained under controlled,
laboratory-like conditions, and is prone to large tem-
poral and spatial heterogeneities. Modifications of
the seismological instrumentation, of the earthquake
location routines, or of the procedures for calculat-
ing magnitudes will leave their mark on the cata-
logue. It is of utmost importance to decipher and
unveil these heterogeneities and limitations, because,
if unnoticed or disregarded, they may invalidate the
analyses of earthquake data and hamper reaching
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meaningful conclusions (e.g. Muifioz and Udias 1982;
Vere-Jones 1992; Kagan 2003).

The Spanish National Earthquake Catalogue is
compiled by the Instituto Geogrdfico Nacional (IGN,
the agency responsible for earthquake monitoring and
warning at a national level in Spain). It can be freely
downloaded online (IGN 2016a). Figure 1 shows the
epicentres and the spatial extent of the catalogue (26°
N to 45° N, 20° W to 6° E). This region embraces
mainland Spain, Portugal, Morocco, Andorra, parts of
France and Algeria, and several Portuguese and Span-
ish archipelagos (Balearic, Canary and Madeira). The
catalogue contains data of over 100,000 events, orig-
inated since 880 B.C. until present, most of them in
recent decades, with a yearly record of ~ 17,000
in 2011.

At one extreme, this region has experienced the
greatest earthquakes in western Europe. The largest
known events are the Lisbon Earthquake on 1 Novem-
ber 1755 (moment magnitude M,, ~ 8.5; Martinez
Solares and Mezcua 2002; Martinez Solares and
Loipez Arroyo2004), the 25 November 1941 North
Atlantic Earthquake (M, ~ 8.0; Storchak et al. 2013),
the 28 February 1969 offshore Portugal earthquake
(My, = 7.8; Storchak et al. 2013) and the enig-
matic, deep earthquake of Granada (south Spain) on
31 March 1954 (M, = 7.8; Storchak et al. 2013).
At the other extreme, earthquakes with magnitudes

< 1 are currently reported in the IGN catalogue in
the geographic areas with the densest distribution of
stations.

The Spanish National Seismic Network (the largest
permanent network in the country, managed by IGN)
provides the primary data source for the real-time
compilation of the catalogue. This is expanded by IGN
with data shared by seismic stations of other institu-
tions in Spain and abroad, either in real time, or for
the final catalogue review. These additional stations
belong, for example, to the regional, permanent Span-
ish networks in Andalusia (IAG 2016) and Catalonia
(ICGC 2016), those of the San Fernando and Ebro
observatories, and the national seismic networks of
France, Portugal, Morocco and Algeria. More infor-
mation on permanent networks on the Iberian region
can be found in Alguacil and Martin Ddvila (2003).

Conversely, this catalogue has been used as a source
for others. For example, for Portugal (Carrilho
et al. 2004; Pena et al. 2014), Pyrenees (Souriau
and Pauchet 1998; Secanell et al. 2008), Catalonia
(Susagna and Goula 1999), Algeria and Morocco
(e.g. Peldez et al. 2007; Hamdache et al. 2010;
Ayadi and Bezzeghoud 2015; Harbi et al. 2015),
Euro-Mediterranean region (Griinthal and Wahlstrém
2012), and the Bulletin of the International Seismo-
logical Centre (ISC 2016b). IGN is a nodal cen-
tre of the Euro-Mediterranean Seismological Centre

Fig. 1 Epicentres in the
Spanish National
Earthquake Catalogue since
the historical era to the end
of 2013, separated
according to hypocentral
depth. Map in a sinusoidal
(equal area) projection, over
the global relief model of
Amante and Eakins (2009),
replaced by the bathymetry
of Zitellini et al. (2009)
where available. The
infrequent earthquakes with
depth > 30 km are
highlighted by being plotted
on top of the others. Depth
is considered unknown if
absent (e.g. for events
located from intensity data
only) or fixed (not
calculated as an

<30 km
km > 30 km

independent parameter)
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and contributes data for its bulletin (Godey et al.
2006). So analysing the IGN catalogue may eventu-
ally contribute to characterizing these separate, but
intertwined, databases.

This paper aims to review the evolution of the cat-
alogue and the seismic network, assess the typical
precision of hypocentral locations, identify the hetero-
geneities arising from the different magnitude scales
reported, map in detail the magnitude of complete-
ness, evaluate apparent daily and weekly variations of
earthquake frequencies and review and exemplify the
contamination of the catalogue by quarry and mine
blasts. It uses the catalogue data until the end of 2013
(~ 98, 000 events in total), the last year for which it
has been completely revised.

2 Evolution of the catalogue

Focusing on the main data source, the current cata-
logue can be divided into three blocks:

— Before 1901, it is mostly based (with later
updates) on the catalogue by Martinez Solares and
Mezcua (2002) for the Iberian Peninsula and sur-
roundings, and on the earlier one by Mezcua and
Martinez Solares (1983) for the Canary Islands.

—  From 1901 to 1980, it is taken from Mezcua and
Martinez Solares (1983), with later revisions.

— Since 1981, it has been directly compiled by
IGN using data provided by the Spanish National
Seismic Network (Red Sismica Nacional), and
seismological stations of other institutions.

The cumulative number of earthquakes in the cat-
alogue (Fig. 2) shows an apparent increase of the
earthquake rate with time (especially for magnitudes
< 3), which evidences a progressive improvement of
detection capabilities. In the Canary Islands since mid-
2011 the increase is mostly natural, due to the surge of
volcanic swarms in El Hierro island.

The following subsections review the development
of the catalogue and of its data sources, including
network instrumentation.

2.1 Historical era (until 1900)
The most damaging earthquakes in Spain occurred

in the historical era, until the late nineteenth century,
for which the catalogue is based on chronicles that
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Fig. 2 Cumulative number of earthquakes versus time, in the

geographic regions analysed (maps of Figs. 12 and 14). Mag-

nitude is not reported for earthquakes occurred before 1910,

while it is reported for the vast majority since 1985 (not shown

separately). Vertical fringes indicate the periods considered for
completeness assessment

describe the effects of the earthquakes. This histor-
ical catalogue relies on primary documental sources
and on earlier compilations, as discussed by Mufioz
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and Udias (1982), Roca et al. (2004), Rodriguez de
la Torre (2004) and Udias (2015). The first catalogue
entry dates from 880 B.C., although the first Iberian
earthquake for which the exact date is known took
place on 21 May 881 (Udias 2015). The first event
for which the catalogue details both the location and
maximum intensity dates from 1048.

A digital database of macroseismic information for
earthquakes until 1900 (Roca et al. 2011) is avail-
able on the IGN webpage (IGN 2016a). Historic
and early instrumental earthquakes in Spain and sur-
roundings are being continually subject to revisions
(e.g. Samardjieva et al. 1999; Mezcua et al. 2004,
2013; Udias 2015, and references therein). The first
systematic catalogue compiling the geological and
archeological effects of earthquakes in Spain has been
published by Silva et al. (2014).

2.2 First observatories (1897-1924)

Instrumental recording in Spain and Portugal began
in the late nineteenth century, although macroseismic
observations would remain the chief data source for
the catalogue until the beginning of the strictly instru-
mental era (Section 2.6). A catalogue of the early
Spanish seismographs was compiled by Batllé6 and
Bormann (2000) and Batllé (2004). The first instru-
mental observations in peninsular Spain were made
in 1885 (Martinez Solares 1981; Batllé 2004; Udias
2013) and in the Canary Islands in 1890 (Batll6 2004;
Fréchet and Rivera 2012). In Portugal, the first sta-
tion was installed in Coimbra; it began experimental
recording in 1891 and continuous recording in 1903
(Custddio et al. 2012). The first continuous recordings
in Spain were made with two Milne seismographs, one
installed in 1897 in the Observatory of San Fernando
(of the Spanish Royal Navy; Martin Davila et al. 2006)
and the next one in 1898 in the mines of Rio Tinto
(Udias 2013).

The next two Spanish observatories were founded
by the Jesuits (Cartuja, in 1902 and Ebro, in 1904;
Udias and Stauder 1996; Anduaga 2004; Ammon
et al. 2010) and were followed in 1906 by the Fabra
Observatory of the Academia de Ciencias y Artes de
Barcelona.

The first seismic observatory of the Instituto
Geogrdfico (former name of the IGN) was set up in
Toledo, near Madrid, in 1909 (Anduaga 2004; Udias
2013). It was crucial for recording early instrumental
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earthquakes in the Iberian region, because of its
relatively advanced and well maintained instrumen-
tation (e.g. Samardjieva et al. 1997, 1998; Payo
Subiza and Gémez-Menor 1998; Badal et al. 2000;
Batllé 2004). Next, this Institute opened new observa-
tories in Almeria (1911), Mélaga (1913) and Alicante
(1914) and undertook major upgrades of the seismo-
graphic instrumentation used (circa 1924, Anduaga
2004, 2009). It has also been gathering macroseis-
mic data since 1909 (Roca et al. 2004), with de-
tailed questionnaires at least since the 1920s (Servicio
Sismolégico 1923; Anduaga 2009).

2.3 Printed bulletins (1924-1995)

Parallel to the instrumentation updates, phase picks
of instrumentally recorded earthquakes started being
reported by the Instituto Geogrdfico in printed bul-
letins in August 1924. These bulletins have been a
primary source of information for the catalogue. Most
of them are currently scanned and available online,
with gaps for the period of the Spanish Civil War
(1936-1939) and 1940s (IGN 2016a; Michelini et al.
2005; Euroseismos Project 2006). The last bulletin
reported the seismicity of 1995. Earthquakes occurred
since 1996 are only reported in the digital catalogue
(see Section 2.14). The bulletin for 1987 was the first
to include the seismicity of the Canary Islands.

2.4 Civil War (1936-1939) and postwar

Science in general, and seismology in particular, suf-
fered from the havoc of the Spanish Civil War (1936—
1939). During war time, several observatories had to
be either abandoned or operated under precarious con-
ditions (Anduaga 2009) resulting in a fragmentary
record, evidenced by a decrease of the apparent rate of
earthquakes during that period (Rodriguez de la Torre
1989). The effects of the war on observational seis-
mology were long-lasting (Anduaga 2009), and it was
not until 1952 (Batllé 2004; ISC 2016a) that the next
national seismological station was opened (the first
permanent station in the Canary Islands, in Tenerife).

2.5 Systematic earthquake location (1955—present)
Instrumental locations for earthquakes of the first half

of the twentieth century were compiled from differ-
ent databases and not recalculated using a common
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procedure (Mezcua and Martinez Solares 1983). The
locations of later earthquakes have been systemat-
ically computed using software (Section 3): retro-
spectively by Mezcua and Martinez Solares (1983)
for events between 1955 and 1980, and routinely for
earthquakes since 1981 (Section 2.14).

2.6 Instrumental era (1962—present)

During the current, instrumental era, seismograms are
the main source of information of the IGN catalogue,
macroseismic information being complementary.

In the Iberian Peninsula, the onset of this era
was marked by the set up of three stations of the
World-Wide Standardized Seismographic Network
(WWSSN): Toledo and Malaga (Spain) in 1962 and
Porto (Portugal) in 1963 (Alguacil and Martin Davila
2003; Lépez and Muioz 2003; Martinez Solares 2003;
Peterson and Hutt 2014). And a new Spanish national
observatory (Logrofo) started experimental recording
ca. 1961 and full operation in 1963. The last national
observatory opened in Santiago, northwestern Iberian
Peninsula, in 1972. Since 1962, magnitude is system-
atically reported for most earthquakes, and an increase
in the apparent seismicity rate is noticeable (Fig. 2,
top).

In the Canary Islands, the instrumental era is con-
sidered to have begun in 1975, when earthquakes in
the catalogue became typically characterized by mag-
nitude, instead of by maximum felt intensity (Martinez
Solares et al. 2013). This improvement was possible
by the opening of two new stations, in the islands of El
Hierro and La Palma (in September 1973 and Novem-
ber 1974, respectively, ISC 2016a), together with the
station already existing in Tenerife.

2.7 First telemetred network (1978-1992)

The first telemetred seismograph of IGN (located in
Sierra de Guadarrama, near Madrid) provided its first
phase picks to the catalogue in October 1978. By
1985, up to eight homogenous, short-period, vertical-
component IGN stations with common time synchro-
nization and real-time data transmission via telephone
lines had been opened in peninsular Spain (e.g. Garcia
Fernandez et al. 1987), marking the beginning of the
Red Sismica Nacional Espariola (Spanish National
Seismic Network, IGN 1991; Carrefio et al. 2003;
Carrefio Herrero and Valero Zornoza 2011). Since

1985, thanks to these enhanced detection capabilities,
most earthquakes in the catalogue have magnitude < 3
(Fig. 2).

Two subnetworks have been traditionally consid-
ered (e.g. Mezcua 1995): one in the Iberian Peninsula,
Balearic Islands and Spanish enclaves in northern-
most Africa, and another in the Canary Islands. The
stations in the Iberian Peninsula were not regularly
spaced, but preferentially located in the onshore areas
with the highest seismicity (Mezcua 1995), where also
most of the currently known active faults are located
(Garcia-Mayordomo et al. 2012).

Figure 3 shows the number of permanent stations of
the Spanish National Seismic Network in the Iberian
Peninsula and surroundings (mapped in Fig. 4) and
the Canary Islands (mapped in Fig. 14). To find out
the actual operating period of each station, I took into
account the dates at which it reported its first and
last phase pick included in the catalogue. Also, if the
station was upgraded from short-period to broadband
instrumentation (as reported in the station details, IGN
2016a), I considered the first and last picks for each
kind of instrumentation. For simplicity, other tem-
porary interruptions were not included in this plot.
For most stations, these dates are consistent with the
official dates of station openings and closings (IGN
2016a), though there are a few exceptions. Some sta-
tions started reporting phase picks before its official
opening (probably because they were already installed
as temporary stations). Also, a few stations reported
phase picks, occasionally, after their official closure.
The station data used are provided in the Online
Resource 1.

In the Canary Islands, the network was very sparse
in the late 1980s (Figs. 3 and 14) and recorded
only minor seismicity in these initial years (Mezcua
et al. 1992). The need for improved monitoring was
already recognized (Garcia Ferndndez et al. 1988),
and highlighted by the occurrence of an earthquake
with magnitude 5.2 on May 1989 between the islands
of Tenerife and Gran Canaria (Mezcua et al. 1992;
Jiménez and Garcia-Fernandez 1996; Vinciguerra and
Day 2013). This seismic crises prompted the instal-
lation of two new permanent stations which started
operating in 1990.

The telemetred short-period network was a major
improvement with respect to the early observatories,
but also had several limitations. The selection of sites
for its stations was constrained by the availability
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Fig. 3 Number of permanent seismic stations of the National
Seismic Network on the Iberian Peninsula and surroundings
(Iberian Region, for short) (fop) and on the Canary Islands
(bottom) reporting phase picks to the catalogue. It is indicated
whether the stations are managed by IGN. Stations from other
institutions are only included in this plot if they were used for
the real-time automatic location procedures. Many other sta-
tions from other institutions have been used for elaborating the
final catalogue. Station maps are plotted in Figs. 4 and 14, and
station data are provided in the Online Resource 1

of communication facilities (Garcia Fernandez et al.
1987). Eventually, as urban areas expanded, this
implied that most stations suffered from high seismic
noise (Canas Torres and Vidal Sanchez 2001). Also,
the records of moderate and major earthquakes were
frequently saturated and clipped (e.g. Rueda 1995),
because of the narrow dynamic range of the tele-
phone lines used for data transmission (Mezcua 1995).
This kind of problem (which also affected other net-
works with similar telemetric systems at the time,
e.g. Amato and Mele 2008) is particularly annoying

@ Springer

for calculating reliable magnitudes, since it especially
affects the stations closest to the earthquake, which are
expected to record it with the highest signal-to-noise
ratios (e.g. Yang and Ben-Zion 2010). These issues
were not solved until the new digital network was set
up (Section 2.11).

2.8 First automatic locations (1991-1997)

In the early 1990s, when the short-period telemetred
network reached its maximum development (Figs. 3
and 4), the first automatic procedure for near real-time
hypocentral determination was used, which poten-
tially enabled a more systematic and complete detec-
tion. It began experimental operation in the spring of
1991 (according to the seismic bulletin for that year)
and was detailed by Mezcua (1995) and Rueda (1995).
This system was replaced by a more advanced one in
late 1997 (Section 2.10).

2.9 The Sonseca Array (1992—present)

The Sonseca Array is a small-aperture array of short-
period, long-period and broadband stations, deployed
inside boreholes around the town of Sonseca, at the
centre of the Iberian Peninsula (IGN 1991; Martinez
Solares 1992; Mezcua and Rueda 1994; Mezcua
1995; Dowla 1996; Carrefio et al. 2001; Bahavar
and North 2002; Hasting and Barrientos 2002; Rueda
Nufiez 2006; Kvaerna and Ringdal 2013). Its main
purpose has been nuclear explosion monitoring and
is currently a primary station of the International
Monitoring System of the Comprehensive Nuclear-
Test-Ban Treaty Organization. Opened in February
1957, it was initially owned by the United States of
America, until 1996, when it was formally transferred
to the IGN. Data from this array had already started
being received by IGN in 1988 (Mezcua 1995) and in
real time from mid-1989 (IGN 2016a). It became fully
integrated into the permanent IGN network in 1992
(Rueda Nuiiez 2006) and provided the first phase pick
to the catalogue in December of that year. The Sonseca
Array has been upgraded several times (Hasting and
Barrientos 2002), and its long-period instruments,
located on the outer part of the array, were removed in
June 2010 (Fig. 4).

The Sonseca Array usually contributes to the
hypocentral determination as a single station with
superior signal detection capability (Sonseca Array
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Fig. 4 Seismic stations in the Iberian Peninsula and surround-
ings, for the periods considered for completeness assessment
(Fig. 12). They are either owned by the Instituto Geografico
Nacional (circles), or by other institutions (squares) but whose
data have been used for real-time hypocentral determinations
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by IGN. Data from other stations (not shown) have been used
to elaborate the final, revised catalogue. Each map includes the
stations for which the catalogue reports phase picks during at
least part of the corresponding period. Station data are provided
in the Online Resource 1
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beam reference point, station code ESDC, ISC 2016a).
To do so, the records of the array elements are com-
bined into a single one, using beam-forming tech-
niques which enhance the signal-to-noise ratio and
provide the velocity vector of an incoming wave-
front (its back azimuth and slowness, e.g. Rost
and Thomas 2002; Rueda Nuifiez 2006; Schweitzer
et al. 2009). This makes such array particularly valu-
able for locating events (e.g. Martinez Solares 1992,
1995; Rueda 1995). The array instruments typically
do not supply phase picks individually to the cat-
alogue, since this would imply an excessive num-
ber of observations recorded at almost exactly the
same azimuth, that could cause a hypocentral loca-
tion bias (Rueda 1995). The main exception is the
broadband station with code ESLA (ISC 2016a),
included in the array, which did contribute numer-
ous picks individually, and is included separately in
Fig. 3.

Because of its sensitivity, and despite ESDC being
located somewhat far from seismically active areas,
it provides more data to the catalogue than other sta-
tions; in particular, it is the one which until 2013
contributed more phase picks for earthquakes with
M > 2.0 in the Iberian Peninsula and its close
surroundings (36° N—44° N, 10° W—4° E).

2.10 New automatic earthquake location and stations
from other institutions (1997—present)

In November 1997, complex automatic location pro-
cedures came into use (Carrefio et al. 2003), using
the EvLoc location software (Nagy 1996). Since then,
this software has been used to calculate the final loca-
tions in the catalogue (Carrefio Herrero and Valero
Zornoza 2011) and will be discussed in more detail in
Section 3.

From 1997 onwards, stations from other institu-
tions are used for the automatic real-time hypocentral
defterminations, so they are in practice an extension of
the Spanish National Seismic Network (Figs. 3 and 4).
The whole set of permanent stations involved in real-
time earthquake location will be referred to here as
the backbone network. For elaborating the final cata-
logue, IGN uses data from additional stations, even-
tually provided (not in real time) by other institutions
(Section 2.14).
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2.11 Broadband network (1999—present)

The first few broadband stations of the Spanish
National Seismic Network were installed in the 1990s
(Fig. 3 and Mezcua 1995). In the late 1999, instal-
lation commenced on the new network of three-
component, digital broadband stations (Red Sismica
Digital Espariola, Spanish Digital Seismic Network).
Data are transmitted via satellite for most of them, so
they could be sited even in remote locations with low
seismic noise.

The fast initial deployment of the first set of new
stations was completed in 2002; since then, the num-
ber of broadband IGN stations has increased more
slowly (Fig. 3). Thanks to the broadband network,
the number of located events per unit time increased
significantly from 2002 onwards (Fig. 2 and Carrefio
et al. 2003), especially for those with M < 3
(but see Section 4.6 for the effect of magnitude
changes). Concomitantly to the deployment of broad-
band stations, the analog short-period stations have
been progressively replaced or closed down, espe-
cially in the Iberian Peninsula (Fig. 3). Rueda and
Mezcua (2015) have presented a recent overview of
this broadband network and analysed the instrument
orientations.

2.12 Monitoring around the Itoiz and Yesa reservoirs
(2005-2013)

Apart from the Sonseca Array, the Aragén River
Valley, in the Western Pyrenees, eventually became
the geographic region where the IGN network was
densest in the Iberian Peninsula (Fig. 4). Fourteen
three-component stations (3 broadband and 11 short-
period) and an accelerometric network were progres-
sively deployed there between mid-2005 and mid-
2010 (apart from two broadband stations already exist-
ing). Their purpose was to monitor in great detail
the seismicity in the surroundings of two large water
reservoirs, Itoiz and Yesa. This was motivated by
a My, = 4.5 earthquake on 18 September 2004,
possibly triggered by the first impoundment of the
recently-built Itoiz reservoir (Ruiz et al. 2006; Duré-
Go6mez and Talwani 2010; Luzén et al. 2010; Santoyo
et al. 2010). Most of these stations were closed down
between mid-2011 and late-2013, leaving the Spanish
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National Seismic Network in the Iberian Peninsula
almost devoid of short-period stations by the end of
2013 (Fig. 3).

2.13 Monitoring of seismo-volcanic activity
in the Canary Islands (2004 and 201 1—present)

In the Canary Islands, two network improvements
were spurred by seismic crises which started in 2004
and 2011.

In Tenerife, a seismic swarm took place in 2004,
starting in April (e.g. Almendros et al. 2007; Marti
et al. 2009; Dominguez Cerdefia et al. 2011 and
references therein). Three additional permanent seis-
mic stations (two short-period and one broadband)
were installed on the island between May—June 2004
(the first one in 17 May), plus two temporary ones
which operated intermittently from June to November
2014 (not considered in Fig. 3, Dominguez Cerdefia
2011). This episode noticeably increased the recorded
earthquake rate (Fig. 2). The short-period stations
stopped contributing to the catalogue in 2008 and
2010, respectively.

Increased activity on 19 July 2011 on El Hierro (the
southwesternmost island) led to dedicated geophysi-
cal monitoring, including up to nine new short-period
seismic stations, most of them three-component
(Lopez et al. 2012; Dominguez Cerdefia et al. 2014).
Seven of these stations have contributed data to the
IGN catalogue (Fig. 3), the first one starting on
21 July. The seismic activity continued for months
(Ibanez et al. 2012; Dominguez Cerdena et al. 2014),
preceding a submarine eruption which started on 10
October 2011 off the southern shore of the island,
and which was declared finished as of 5 March 2012.
Several seismic swarms ensued, related to magma
intrusions (the first ones described by Garcia et al.
2014, and later ones until 2014). Until the end of 2013,
this activity on El Hierro added ~ 20, 000 earthquakes
to the catalogue (Fig. 2).

2.14 Current practice on catalogue compilation

For each detected event, a preliminary, automatic
determination of hypocentral location and magnitude
is calculated automatically in real time and posted
online. These initial determinations are then updated

after a manual review by the around-the-clock Seismic
Information Service of IGN (IGN 2016a).

The catalogue data may be eventually subjected to
further reviews. It can be regarded as fully revised only
after being updated in yearly blocks, with an irreg-
ular delay of about 18-24 months (similarly as the
former annual printed bulletins). As with other cata-
logues (e.g. Willemam and Storchak 2001), this long
latency period allows for a careful data review and
incorporation of phase pick information eventually
delivered by other collaborating institutions (e.g. in
Spain, Portugal, France, Morocco, and Algeria). This
additional data improves the catalogue especially for
large earthquakes (which can potentially be detected
at larger distances by other stations), or in general
for earthquakes occurring where networks from other
institutions have better coverage. That is, the revised
catalogue is more complete than the detection thresh-
old of the Spanish National Seismic Network alone
would allow (e.g. Garcia Fernandez 1986). Occasion-
ally, specific earthquakes are subject to later reviews
if new information or improved analyses are available.
At the time of this writing, the catalogue is reviewed
up to the end of 2013.

From the IGN webpage, the catalogue may be
downloaded in two versions. The abridged version
(option labelled as “without phase readings”) provides
a list of data about origin time, location, preferred
magnitude and maximum intensity, for earthquakes
from the historical period to present. The full ver-
sion (option “with phase readings”) is available online
only for earthquakes since November 1997 until the
present and provides a catalogue in the IMS1.0 stan-
dard format (Biegalski et al. 1999), which includes
the uncertainties of origin time, location and magni-
tude, and the list of phase picks from all the stations
used to locate the event and calculate its magnitude.
It also specifies the date at which the data for each
earthquake were generated (i.e. the date of the last
review), and the “author” field is reported as “IGN”
for the preliminary solutions and as “bull_2” for the
final ones. The full version of the digital catalogue for
earthquakes between January 1983 and October 1997
(used in Section 3) has other formats and is avail-
able by request to IGN (see contact information for
seismology on their web page). Moment tensor and
moment magnitude calculations (Rueda and Mezcua
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2005) are provided in a separate database online
(IGN 2016a).

The Spanish Accelerograph Network (managed
by IGN) started being deployed in 1974 and was
described by Carrefio et al. (1991b), Mezcua (1995)
and Mezcua et al. (2008). Accelerograms with timing
calibrated by GPS are occasionally used to improve
the hypocentral determinations in the IGN catalogue,
e.g. for the earthquakes of Lorca (southeastern Iberian
Peninsula) in 2011 (Cabanas et al. 2014; Morales et al.
2014), the latest damaging ones in Spain (Martinez-
Diaz et al. 2012). At least since the 1970s, IGN
also deploys temporary networks for microseismicity
surveys or aftershock monitoring (e.g. seismic bul-
letin for 1977, Carrefio et al. 1991a; Herraiz and
Léazaro 1991).

Macroseismic information is compiled by IGN
using questionnaires, and in real time by means of
felt reports contributed online by witnesses (IGN
2016a).

3 Precision of earthquake locations

For most earthquakes, the catalogue specifies the
precision of the hypocentral location (the formal
uncertainty due to random errors, e.g. Husen and
Hardebeck 2010). The actual accuracy of a loca-
tion may be worse, because of additional, systematic
errors (e.g. in the velocity model used, Havskov and
Ottemoller 2010; Husen and Hardebeck 2010); it
can be assessed only if the exact location is known
independently (such as in a controlled explosion
source, e.g. Yang et al. 2004; Havskov and Ottemoller
2010).

The typical uncertainty of hypocentral locations
varies in time (due to changes in the network and
in location procedures) and in space. Events occur-
ring far from the network are expected to have the
largest uncertainties (e.g. Garcia Ferndndez 1986,
1987; Rueda Nunez 2006; D’ Alessandro et al. 2013;
Cesca et al. 2013; Custddio et al. 2015), because they
are typically recorded by few stations and with a large
azimuthal gap (the largest angular gap in azimuth
from the epicentre to azimuthally adjacent stations,
e.g. Havskov and Ottemoller 2010).
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3.1 Location procedures

Instrumental locations in the IGN catalogue are
single-event (i.e. calculated for each earthquake indi-
vidually, based on the picks of wave phase arrivals
at each station), using layered, 1-D velocity mod-
els. In the Iberian Peninsula and surroundings, the
model used by Mezcua and Martinez Solares (1983)
for earthquakes occurred since 1955 has been adopted
for routine locations by IGN until today (IGN bul-
letins, Carrefio et al. 2003; Carrefio Herrero and Valero
Zornoza 2011). For moment-tensor determinations by
IGN, the model for the Iberian Peninsula and sur-
roundings has an additional, shallow layer with lower
seismic velocities (Rueda and Mezcua 2005). In the
Canary Islands and surroundings (19° W-13° W, 27°
N-30° N) a different model (labelled as “Canary”)
is being used; it was specified for the first time in
the Bulletin for 1987 (the first one reporting earth-
quakes from this archipelago) and, according to Rueda
Nufiez (2006), is an average of the models proposed
by Dafiobeitia (1980) for each island. From January
2004 to December 2014, a different model (labelled
as “Teide”) has been used for locating earthquakes
under the Teide stratovolcano (Tenerife Island). It is
actually a model for the Etna volcano (Scarpa et al.
1983), which had been shown able to improve earth-
quake locations also in the Teide (Almendros et al.
2000), with the Moho discontinuity depth adapted
to match that of the Canary model. Both P and S
waves are used for calculating the revised hypocen-
tral locations since 1955 (e.g. Rueda 1995), with a
fixed velocity ratio Vp/ Vs = 1.75 (IGN bulletin for
1987, Rueda 1995; Carrefio et al. 2003; Rueda and
Mezcua 2006). D’ Alessandro et al. (2013) discussed
the limitations of the velocity model used by IGN for
the Iberian region, although they assumed a differ-
ent ratio (Vp/Vs = 1.73) and that the same model
was also used for the Canary Islands. The full-format
catalogue specifies the model used for locating each
earthquake (if different from the default one of the
Iberian region).

Double-difference relocations (Waldhauser and
Ellsworth 2000) have been calculated by IGN and
collaborators in specific case studies, such as for the
2011 Lorca earthquake series (Morales et al. 2014),
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and for the seismo-volcanic swarms of 2004-2005 in
Tenerife (Dominguez Cerdefia et al. 2011) and of 2011
in El Hierro (Dominguez Cerdefia et al. 2014). The
relocated catalogues for the Canary Islands can be
downloaded separately from the IGN webpage (IGN
2016b).

Before the strictly instrumental era, location uncer-
tainties may be substantial, given that the early
mechanical seismometers (Batllé 2004) lacked com-
mon timing. For example, the catalogue locations of
an earthquake sequence in southern Spain in 1951
are now taken from Batllé (2008, see also references
therein) and corrected the earlier ones (taken from
Mezcua and Martinez Solares 1983) by tens of kilo-
metres. No location uncertainties are reported in the
catalogue for the first half of the twentieth century.

For earthquakes since 1955 until October 1997,
Hypo71 (Lee and Lahr 1975) was used to calcu-
late the final, revised hypocentral locations (IGN
Bulletins, Mezcua and Martinez Solares 1983;
Carrefo et al. 2003). The only source of uncertainty
that this software accounts for is the measurement
error inherent to each arrival time, assumed random
and normally (Gaussian) distributed (e.g. Boyd and
Snoke 1984). The location uncertainties calculated
with Hypo71 were reported by Mezcua and Martinez
Solares (1983) for a few events in the 1950s and for
the majority of earthquakes from 1960 to 1980. From
1981 to 1995, they are reported in most IGN bulletins.

The digital full-format catalogue from January
1983 to October 1997 (Resurrecciéon Antén, IGN,
pers. comm., 2012; not available online) will be used
here for analysing location precision in this first
period. In 1983-1984, an average of ~ 11 phases
were used for each earthquake location, which rose to
~ 20 from January 1985 to October 1997. Hypo71
handles a default maximum of 100 phases for each
earthquake (Lee and Lahr 1975), and indeed before
November 1997, only three earthquakes were located
with a higher figure.

Since November 1997, hypocentral locations and
their uncertainties are reported in the full-format cat-
alogue online (IGN 2016a), and have been calculated
with Evloc (Carrefio Herrero and Valero Zornoza 2011
and Resurreccién Antén, IGN, pers. comm., 2015).
This software (Nagy 1996) implements the method by

Bratt and Bache (1988) and allows taking into account
random errors not only in measurements (phase pick-
ings) but also those resulting from modelling (e.g.
Yang et al. 2004). The number of phases used for
locating each earthquake with Evloc has been highly
variable, with an average of ~ 24, with > 30 or more
phases in 22 % of events, and > 100 phases for 2 %
of events.

3.2 Epicentral location

Before November 1997, epicentral location uncertain-
ties were calculated with Hypo71 and specified as
the so-called ERH (standard horizontal error, in km).
Unfortunately, ERH values calculated by Hypo71 (as
the square root of the sum of the estimated latitude and
longitude variances) indeed lack an inherent statisti-
cal interpretation (Boyd and Snoke 1984; Husen and
Hardebeck 2010) and are generally smaller than the
actual ERH.

ERH values reported by Mezcua and Martinez
Solares (1983) are in the order of several kilometres to
tens of kilometres and tend to decrease along time. In
the early digital catalogue, the mean reported ERH is
~ 7 km during 1983-1984, ~ 4 km in 1985 and ~ 3
km from January 1986 to October 1997. The marked
reduction of ERH in the mid-1980s is explained by
the deployment of the telemetred network and the
increasing number of phases used for locating each
event.

ERH values tend to be smaller onshore the Iberian
Peninsula than elsewhere, evidencing that location
uncertainty increased with the epicentral distance
from the network (Fig. 5; for this kind of map see, e.g.
Zaliapin and Ben-Zion 2015).

Since November 1997, epicentral location uncer-
tainties calculated by Evloc are reported as error
ellipses at 90 % confidence level in the full-format cat-
alogue. In the absence of systematic location biases,
the true epicentres would be expected to be inside such
ellipses in 90 % of instances. Reported uncertainties
reach the lowest values within the Iberian Peninsula
and worsen rapidly offshore as the distance from
the network increases (Fig. 6). Rueda Nuiiez (2006,
pp.- 150-151), calculated theoretical values of the
semi-axis of the error ellipse, in the Iberian region,

@ Springer



446

J Seismol (2017) 21:435-471

1983/01-1997/10

Epicentral error (ERH, km)
km =
0 200 400

-12° -8

Fig. 5 Precision of hypocentral locations from January 1983
to October 1997. Left: Epicentral location errors (ERH values).
Right: Hypocentral depth errors (68 % confidence ranges). Each

for M = 3.0, and considering the stations of the
real-time IGN network then in operation. In general,
those values and their spatial pattern are very similar
to the results of Fig. 6. But in regions like the Pyrenees
and Portugal, location uncertainties are typically lower
than calculated by Rueda Niiiez (2006) thanks to the
data contributed to the catalogue by other networks
(see also Souriau et al. 2014, for the Pyrenees).

1997/11-2013/12

Epicentral error (90%, km)
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Fig. 6 Precision of hypocentral locations from November 1997
to December 2013. Left: Epicentral location errors (lengths
of semi-major axes of the 90 % confidence ellipses). Right:
Hypocentral depth errors (90 % confidence ranges). Spatial
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Depth error (68%, km)
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location in the map shows the average value for the events with
epicentres within a radius of 20 km

In the Canary Islands, location uncertainties are
generally higher than in the Iberian Peninsula.
Azimuthal gaps are frequently large because the net-
work geometry is constrained by the locations of the
islands themselves. Moreover, noise level on the sta-
tions is relatively high (D’ Alessandro et al. 2013), so
the small earthquakes are typically detected by few of
them. Further insight on location precision for specific

1997/11-2013/12

Depth error (90%, km)

200 400 0510 20 >50

g 4 o e

averages are calculated as in Fig. 5, but the errors were reported
differently in the catalogue, hence the different colour scale
used
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earthquake series in the Canary Islands can be found
in the relocation studies by Dominguez Cerdefia 2011,
2014).

3.3 Focal depth

Most of the seismicity in the catalogue is shallow
(with focal depth < 30 km for ~ 93 % of events
whenever calculated), but a fringe of intermediate-
depth events (depth between 30 and 170 km) extends
along the Iberian-African plate boundary (e.g. Buforn
et al. 1997; Carrefio 2003, Fig. 1). Also, since 1954,
six deep earthquakes (depth > 600 km) have been
recorded below the Granada region, in the South of the
Iberian Peninsula (Frohlich 2006; Buforn et al. 2011;
Bezada and Humphreys 2012; Mancilla et al. 2012,
and references therein).

No focal depths are reported in the IGN catalogue
for events whose epicentre is determined by macro-
seismic means. Depth begins to be reported for a
minority of earthquakes of the 1950s (Mezcua and
Martinez Solares 1983). In the abridged catalogue, it is
rounded off to the nearest kilometre, while in the full-
format catalogue since November 1997, it is rounded
off to the nearest tenth of kilometre. The evolution of
reported depth versus time can be observed in Fig. 7.

For a large proportion of earthquakes (e.g. ~37 %
since November 1997), the independent calculation of
depth does not converge and fixed depth values are
used (highlighted in Fig. 7), which restricts the loca-
tion procedure to calculating the epicentral coordi-
nates. Fixed depths, despite being the least constrained
ones, have no reported uncertainty. Since November
1997, fixed depths are flagged as such in the full-
format catalogue and omitted in the abridged version.
Fixing depths has been proportionally more common
in the earlier years (clearly until 1989 in the Iberian
Region) and for small earthquakes (typically located
with few stations) in more recent times. From 1983
until October 1997, the most usual value of fixed
depths was 5 km, while since November 1997, it is 0
km, followed by 5 km and its multiples.

In the Iberian Peninsula, from January 1992 to
October 1997, no depths = 70 km are reported, except
for the 1993 deep earthquake (Fig. 7). Considering the
depth distribution in the rest of the catalogue, from
1962 to 2013, this gap seems unlikely to be natural.
Rather, it may be related to the location procedures
used only during this period (Section 2.8). Depths >
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Fig.7 Reported hypocentral depth versus time (dots). Red dots
indicate the depths reported as fixed, that is, not calculated as
independent parameters (the distinction is only available from
1983 onwards). Vertical fringes indicate the periods considered
for completeness assessment. Geographic areas are those shown
on maps of Figs. 12 and 14. In the Iberian Region, note the scale
break between 200 and 600 km, where no value is reported in
the catalogue

70 km were not reported again until November 1997
(Fig. 7), when improved automatic location routines
became implemented.

Figure 5 shows the spatial distribution of reported
hypocentral uncertainty from 1983 to October 1997.
This uncertainty, calculated by Hypo71, can be inter-
preted as a 68 % confidence interval (Boyd and Snoke
1984; Husen and Hardebeck 2010). For this period,
depth determinations tend to be better in the Iberian
Peninsula than offshore and in distant areas, and are
generally poor in the Canary Islands, such as for the
earthquake series between Tenerife and Gran Canaria
in 1989.

The geographic pattern of depth uncertainties is
very clear since November 1997 (Fig. 6). These are
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calculated with Evloc and reported as a 90 % confi-
dence interval in the full-format catalogue. Onshore
the Iberian Peninsula, and close to its coast, they are
typically ~ 5 km. Further away, they rise rapidly in
proportion to the distance from the network. Beyond
~ 150 km from the coast in the Atlantic (and offshore
the Algerian coast), depths are mostly unconstrained
(typical 90 % uncertainties are > 50 km). In the
Canary Islands, reported depth uncertainties are het-
erogeneous, and usually larger than for the Iberian
Peninsula. Uncertainties reported for the El Hierro
earthquake series are typically low, thanks to the
detailed monitoring (Section 2.13).

Focal depth is the most difficult spatial parameter to
constrain (e.g. Vere-Jones 1992; Carrefio et al. 2003;
Husan and Hardebeck 2010), but in some regions the
typical 90 % depth uncertainties seem lower than the
epicentral ones (Fig. 6). The reason is that the highest
depth uncertainties (those for fixed depth values) are
not reported in the catalogue and cannot be considered
in the corresponding maps (Figs. 5 and 6), so these
have an optimistic bias.

4 Magnitude determination and precision

The magnitudes reported in the current version of the
IGN catalogue have been calculated by using a vari-
ety of formulae, which are reviewed in this section,
alongside the resulting uncertainties. These formu-
lae have changed throughout time, and different ones
were used in the original IGN bulletins before 1981
(Lopez and Muiioz 2003).

Magnitude values are reported in the catalogue
only for earthquakes with sufficiently reliable instru-
mental records. No magnitudes based on macroseis-
mic information are provided, although they have
been determined elsewhere for several historical
or early instrumental earthquakes (e.g. Samardjieva
et al. 1999; Martinez Solares and Mezcua 2002;
Mezcua et al. 2004; Storchak et al. 2013). The first
magnitude value (=6.4) is listed for the 26 June
1910 Masqueray (Algeria) earthquake. As the records
improved during the twentieth century due to instru-
mental updates, magnitudes could be calculated and
reported for a progressively larger proportion of earth-
quakes (Fig. 2), and all events occurred after 1989
have a magnitude assigned.
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The reported magnitudes are, where possible, aver-
ages of the values obtained from a number of stations
in a diversity of azimuths around the epicenter (Rueda
1995). Such averaging tries to counteract the variabil-
ity of magnitudes calculated at different sites, which
is due to the original radiation pattern, the attenuation
and scattering along each particular ray path, and the
diverse local site conditions which may cause local
attenuation or amplification (e.g. Rueda 1995; Vila
et al. 2005).

The full-format catalogue (Section 2.14) reports the
standard error of the mean magnitude for each event.
Note that when only one station is used this error
cannot be calculated, but is reported as zero. From
November 1997 onwards, when the magnitude was
calculated from the phase picks of two or more sta-
tions, the mean standard error is ~ 0.2 magnitude
units. Magnitudes in the catalogue are rounded to one
decimal place, which sets a precision limit of 0.1 units.

Different magnitude types can be reported for the
same event, the preferred type being the only one
reported in the short catalogue version (Section 2.14).

4.1 Mp, Iberian Region (1910-1961)

A duration magnitude (Mp) is reported for earth-
quakes in the Iberian Peninsula and surroundings,
from 1910 to 1961 (before the installation of the first
WWSSN station in 1962), taken from Mezcua and
Martinez Solares (1983). It is based on the duration of
the earthquake as recorded on at least one of three ref-
erence observatories (Toledo, Almeria and Alicante),
where the original mechanical seismographs oper-
ated for decades. A specific formula was used for
each observatory (Mezcua and Martinez Solares 1983;
Samardjieva et al. 1999):

Mp = 1.67log D + 0.001A — 0.2 (Toledo),(1)
Mp=1.221og D+0.001A+1.20 (Almeria), and(2)
Mp = 1.441log D + 0.001A + 0.95 (Alicante),(3)

where D is the duration of the earthquake in seconds
and A the epicentral distance to the station in kilome-
tres. The duration was measured from the arrival of the
P wave until the moment at which the earthquake sig-
nal was indistinguishable from the background noise
(Mezcua and Martinez Solares 1983). These formulae
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were calibrated by regression to body-wave magnitude
values (my,) provided by the U.S. National Earthquake
Information Service for a set of reference earthquakes.
Mezcua and Martinez Solares (1983) state that the
average standard error of these magnitude values is
< 0.4.

4.2 Mp, Canary Islands (1964-1997)

In the Canary Islands, a duration magnitude was used
until October 1997, using the formula (Rueda 1995):

Mp = 2log D +0.0035A — 0.87. O

where D is the duration of the earthquake in seconds
and A is the epicentral distance in km.

At the time of this writing, the magnitude type
for these earthquakes in the catalogue is incorrectly
labelled as if it were mpLg (sensu Mezcua and
Martinez Solares 1983, see below). No measurements
of precision of magnitude values calculated with this
scale are available.

4.3 mpLg (1962—present)

Most magnitude values in the catalogue are provided
in a mpLg scale, a body wave magnitude estimated
from the peak vertical motion of the S-wave, which at
regional distances in continental crust typically occurs
in the Lg phase (for the phase definition, see Storchak
et al. 2003).

The Lg wave propagation may be blocked for sev-
eral reasons, such as crustal scattering or a wave
path through a thin, oceanic, crust (e.g. Chazalon
et al. 1993; Calvert et al. 2000; McNamara and
Walter 2001; Sens-Schonfelder et al. 2009; Noriega
et al. 2015, and references therein). This may lead
to mpLg being underestimated with respect to My, for
offshore earthquakes (Cabaiias et al. 2015). A clear
example is the 26 May 1975 North Atlantic earth-
quake, with M,, = 7.8 (Storchak et al. 2013), but a
much smaller mpL(IGN)= 6.7.

Two different scales of mpr s have been used in the
catalogue, for different periods, as described below.

mprg (1962=2002) In the printed IGN bulletins, this
mp g was usually denoted simply as my. These

formulae were used (Mezcua and Martinez Solares
1983; Rueda 1995):

A
mpLg =log <7>+1.05 log A°+3.90 for A° < 3°, and
5)

A
mpLg = log (;) +1.66 log A°+3.30 for A° > 3°,
(6)

where A° is the epicentral distance in geocentric
degrees, and A and T are, respectively, the peak
ground amplitude in microns, and the period of peak
motion in seconds, of the Lg wave.

Mezcua and Martinez Solares (1983) calibrated
Eq. 5 using the same reference earthquakes as for
the Mp scale described before for the Iberian Region.
Equation 6 is the formula adopted by the Interna-
tional Association for Seismology and the Physics of
the Earth’s Interior (Bath 1969, 1981), discussed by
Nuttli (1973), Samardjieva et al. (1999), and refer-
ences therein.

Loépez and Muiioz (2003) pointed out that Egs. 5
and 6 are not continuous to each other; there is a —0.34
unit fall at the epicentral distance of 3° (about 334
km), implying a relative underestimation of myL, for
events occurred at larger distances from the station
(Fig. 8).

Several regressions correlating this mpg With other
magnitude scales were calculated by Lopez Casado
et al. (2000), Rueda and Mezcua (2002), Mouayn et al.
(2004) and Cabaiias et al. (2015).

From November 1997 to February 2002, the mean
standard error reported for this magnitude scale is
0.1. Uncertainties for earlier events are not available;
Cabaiias et al. (2015) assigned by expert judgement
values of 0.3 magnitude units before 1985 and 0.2
between 1985 and 2002.

mprg (2002—present) A new, improved myp, formula
(Lépez 2008) replaced the previous ones in 2 June
2003 for real-time magnitude determinations and was
later applied retrospectively for all myLg calculations
in the catalogue since 1 March 2002:

A
myLg = log (?> +1.17 log R+0.0012R+0.67, (7)
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Magnitude formulae
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Fig. 8 Formulae used in the IGN catalogue to calculate the
magnitude in myg scale. The older ones (Egs. 5 and 6, Mezcua
and Martinez Solares 1983) had a break at an epicentral distance
of 3° (=~ 334 km). The new one (Eq. 7, Lépez 2008) is contin-
uous and takes into account the hypocentral depth, though this
effect is noticeable only for small epicentral distances. In the
example shown, it is assumed that the peak ground amplitude
(in microns) equals the corresponding wave period (in seconds).
Other amplitude/period ratios would shift the curves vertically,
but would maintain their relative differences

where A and T are the same as in Egs. 5 and 6. R is
the hypocentral distance in km:

R =+ A2+ 12, ®)

where A is the epicentral distance and % the hypocen-
tral depth, both in kilometres.

Equation 7 is substantially different from the older
mypLg formulae and implies a stretch of the magnitude
range (Fig. 8). If an earthquake originates near most
stations (at A < 3°), its magnitude will tend to be
lower than the one calculated by the old formulae. The
opposite effect will result if the earthquake source is
far from most stations (at D 2 440 km of epicentral
distance).

Cabafias et al. (2015) calculated a regression
between this myp; and M. The mean standard error
reported for this magnitude scale in the catalogue is
~0.2.

4.4 my, 1997—present

Since November 1997 in the Iberian region, and since
November 2003 in the Canary Islands, for those earth-
quakes in which the Lg wave train is not apparent
(in principle for those whose rays have oceanic paths
> 2°, Carrefio 1999), and for those with hypocentral
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depth > 30 km (Cabadas et al. 2015), myp, a body-
wave magnitude calculated according to Veith and
Clawson (1972) is used:

myp = log <%) + P(A°, h) )

where A is the maximum amplitude of a P type
phase (Pn or P) in nm (Carrefio 1999); T is the
corresponding period in seconds and P(A°, h) is a
correction factor (Veith and Clawson 1972) which
depends on the epicentral distance A° in degrees and
the hypocentral depth /4 in kilometres. This magnitude
was calibrated for short-period vertical-component
seismograms (Veith and Clawson 1972) although it is
also being used with the seismograms from broadband
stations (Martinez Solares et al. 2013). Cabaiias et al.
(2015) calculated a regression between this scale and
My, and noted that this my, is systematically higher
than M,,. Regressions to other regional magnitude
scales were proposed by Mouayn (2007) and Peldez
et al. (2012).

Between November 1997 and February 1998, my,
was used for few earthquakes only, while mprs was
used for most. Almost all magnitudes during this
period are labeled indistinctively as my, and the actual
type of magnitude has to be deduced by checking,
in the full-format catalogue, the type of phase used
for magnitude determination. The mean standard error
reported for my, from March 1998 (when correct mag-
nitude labelling starts) to December 2013 is >~ 0.2.

Figure 9 shows the geographical distribution of epi-
centers from March 2002 to the end of 2013 where
my is the preferred magnitude estimate. Indeed, most
of them are located far from the Iberian Peninsula,
Canary Islands or Balearic Islands (so the Lg waves
had a relatively long path through thin crust before
reaching the Spanish stations) and/or had deeper
hypocenters (compare with the distribution of seismic-
ity in Fig. 1).

4.5 My, (2002—present)

For earthquakes with my ¢ = 3.5 occurred since 2002,
the moment magnitude, My, (Hanks and Kanamori
1979), and moment tensor are calculated (Rueda and
Mezcua 2005) with Dreger and Helmberger’s method
(1993) and reported in the abridged IGN catalogue
(not in the full-format one). The detailed moment ten-
sor results are reported in a separate catalogue online
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Fig. 9 Geographic distribution of epicentres from March 2002
to the end of 2013, separated by their preferred magnitude type
(the one reported in the abridged catalogue online). Left: mpLg.

(IGN 2016a). The IGN catalogue also reports My, for a
few earlier earthquakes, taken from the literature (e.g.
Battll6 et al. 2008). Complementary My, and moment
tensor catalogs in the region are those of Stich et al.
(2010), Martin et al. (2015) and references therein.
The My, values determined by IGN are usually similar
to those by other authors, when available (e.g. Chevrot
et al. 2011; Cabaiias et al. 2015).

4.6 Evolution of magnitude values in the catalogue

The overall pattern of the magnitudes throughout time
is shown in Fig. 10. A running median magnitude is
calculated for each of the two regions analysed. For
both, there is a decreasing overall trend, correlative
with the general improvement of the network, which
allowed detecting and recording smaller earthquakes.

In the Iberian region, at the beginning of Novem-
ber 1997, the median magnitude dropped by ~ 0.5
units. This effect cannot be due to the introduction
of my since initially almost all earthquakes still used
mypLg. Moreover, my, are typically higher than my,
(see Cabaiias et al. 2015), so the opposite effect in
the median magnitude would be expected. This sud-
den decrease must be due to the increased reporting of
smaller earthquakes thanks to the new automatic pro-
cedures for detection and location then implemented
(Section 2.10), and the resulting increase in the num-
ber of phases used for location (Section 3.1). This

12" -8 - 0 &

Right: my,. Only few earthquakes had My, as the preferred mag-
nitude during this period (not shown; see maps in Cabaiias et al.
2015)

would also explain the slight increase in the rate of
earthquakes detected since that date (Fig. 2).

In March 2002, the introduction of the new
mpLg formula caused two effects (see Gulia 2012,
for similar issues in other catalogues). First, as
expected (Section 4.3), it stretched the magnitude
range reported. Second, it caused a drop in the median
magnitude, because most earthquakes occurred close
to the stations and were assigned lower magnitude val-
ues than with the old formula (Fig. 8). Both effects
may have been intensified by the increasing ability
of the broadband network to detect small earthquakes
nearby and moderate earthquakes far away.

Brief, transient decreases of the running median are
due to the recording of earthquakes with particularly
low magnitudes close to seismic stations. For exam-
ple, the swarms of low-magnitude earthquakes in Loja
(1985) and Villanueva de Algaidas - Antequera (1989)
took place in locations with relatively dense monitor-
ing (Carrefio et al. 1991a; Posadas et al. 1993), leading
to a global decrease of the running median magnitude.

Conversely, distant sequences where most small
earthquakes are undetected tend to cause sharp
increases of this running median. The clearest exam-
ples are due to large earthquakes in northern Africa
and their aftershock sequences, such as: 10 October
1980 El Asnam (now Chlef, Algeria), 21 May 2003
Zemmouri (Boumerdes, Algeria), 24 February 2004
Al Hoceima (Morocco), as well as abundant moderate
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Fig. 10 Preferred earthquake magnitudes (i.e. those from the
abridged catalogue version, Section 2.14) and their running
median, for each region analysed (Figs. 12 and 14). In the
Iberian region, the running value of the median magnitude is
calculated with 200 earthquakes. In the Canary Islands, due to
the scarcity of earthquakes before 2011, it is calculated using 50
earthquakes. Vertical fringes indicate the periods considered for
completeness assessment

earthquakes south of Nador (Morocco) starting in late
2004.

In the Canary Islands, very few magnitude values
are reported before 1985 (not shown in Fig. 10). In
November 1997, there was an increase in the reported
magnitude values, correlative to the replacement of the
Mp scale by the old mprg. A clear decrease of about a
magnitude unit in the early 2000s must be due to the
deployment of the first broadband stations and the use
of the new mypL, scale since March 2002. From mid-
2011 onwards, successive swarms at the island of El
Hierro, monitored by a dense local network, yielded
recordings of numerous small earthquakes and a com-
plicated pattern of the running magnitude median.
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5 Magnitude of completeness

The magnitude of completeness (M) is the low-
est magnitude at which all earthquakes are detected
and included in the catalogue (e.g. Rydelek and
Sacks 1989; Wiemer and Wyss 2000; Woessner and
Wiemer 2005; Mignan and Woessner 2012). An earth-
quake can be located if its signal is detected above the
noise level at a minimum number of stations.

For a given network, a theoretical detection thresh-
old (minimum magnitude which can be reliably
detected) can be calculated and mapped for each loca-
tion, considering the network geometry, the noise
level at each station, the minimum number of sta-
tions required to detect and locate an earthquake,
and the attenuation of signal amplitude with dis-
tance. For the Spanish National Seismic Network,
Rueda and Mezcua (2006) provided a software to
calculate such a threshold based on the detection
of the Lg wave, and D’Alessandro et al. (2013)
applied a more complex simulation-based method.
But the IGN catalogue is not only compiled using
the real-time backbone network (Figs. 4 and 14).
Stations from other networks are also eventually
considered for calculating final earthquake locations
(Section 2.14). So theoretical detection thresholds are
relevant to real-time network capabilities, but may
be higher than the magnitude of completeness of the
expanded and revised catalogue.

Here, M. was calculated and mapped in succes-
sive periods using only the earthquake catalogue
itself, as detailed below. The Iberian Region and the
Canary Islands were analysed separately, considering
the catalogue differences between them. The Online
Resource 2 reports, for each location and period,
the average M., its standard deviation § M. and the
resolution of the spatial sampling used.

5.1 Method used to calculate M.

Seismicity commonly follows an exponential
magnitude-frequency distribution (Ishimoto and lida
1939; Gutenberg and Richter 1944):

log o[N(=m)] =a —bm, form > M.. (10)

where N(> m) is the number of earthquakes with
magnitude > m, and a and b are parameters. For
m < M., N(m) is lower than expected from the
extrapolation of Eq. 10. This departure can be blamed
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on catalogue incompleteness (e.g. Bath 1981; Kwiatek
et al. 2010), since small-magnitude earthquakes are
less likely to be detected (e.g. Schorlemmer and
Woessner 2008) and thus are preferentially missing.
Several objective methods have been proposed to cal-
culate the precise magnitude at which such a departure
begins, albeit they do not always agree with each
other (e.g. Mignan and Woessner 2012; Michael 2014;
Roberts et al. 2015).

Here, the Entire Magnitude Range method (EMR)
was chosen, because of its proven reliability with
small samples (as low as 60 earthquakes, Woessner
and Wiemer 2005). It is available in the free soft-
ware ZMAP (Wiemer 2001) and R (Mignan and
Woessner 2012). This method is computationally
intensive and calculates M. by fitting the entire
range of the observed magnitude-frequency distribu-
tion (both the complete and the incomplete part). For
m < M., a cuamulative normal (Gaussian) distribution
function is used, with mean p and standard deviation
o.Form > M., Eq. 10 is fitted using a maximum-
likelihood technique (Aki 1965; Utsu 1965), which
is more robust than the least-squares method (Sandri
and Marzocchi 2007). The most likely value of M is
provided by the best fitting model, which maximizes
the log-likelihood function for the four parameters: u,
o, a and b. The EMR method is somewhat conserva-
tive, as it may overestimate M, in some cases (Mignan
2012). For caution, I should note that for determin-
ing b reliably, a larger sample of earthquakes would
be required (preferably at least 200 with m > M,
Schorlemmer et al. 2005; Roberts et al. 2015).

To calculate M. and its uncertainty in a robust
way, bootstrap resampling (Efron 1979) was used,
following Woessner and Wiemer (2005). Each sam-
ple of earthquakes was resampled with replacement
200 times, and M. was calculated for each result-
ing bootstrap sample. This figure is high enough to
obtain a stable average M. and its standard devia-
tion § M. (Woessner and Wiemer 2005), exemplified
in Fig. 11. The presence of quarry blasts in the sample
(Cattaneo et al. 2014), changes in the b-value (e.g.
Cesca et al. 2013), or the mixture of magnitude scales
may worsen the fit quality and increase § M.

5.2 Spatial sampling

The magnitude of completeness is spatially vari-
able, mainly because it increases with the distance to
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Fig. 11 Example of magnitude of completeness (M) and its
standard deviation (§ M) for a site in two different periods. This
site is the closest node in the map to the largest earthquake of the
catalogue in the instrumental era (28 February 1969, offshore
Portugal, mpLg; = 7.3). Solid lines indicate the magnitude-
frequency distributions of the closest 60 earthquakes to the node
in the periods indicated. Dotted lines indicate the M. calculated
automatically with the EMR method (Woessner and Wiemer
2005). Colour bands indicate the range of M, plus/minus the
8 M_ calculated by bootstrap. The distribution is more gradually
curved in the second period, leading to a larger § M. These val-
ues of M. and § M are mapped at this node in the corresponding
periods in Figs. 12 and 13 respectively

the network stations (e.g. Wiemer and Wyss 2000;
Schorlemmer and Woessner 2008; Schorlemmer
et al. 2010). To account for this heterogeneity, here
M. was mapped locally, using a variable resolution,
so that the resulting map is more detailed in the areas
were more earthquakes were recorded.

A latitude-longitude grid was used, following Wyss
etal. (1999) and e.g. Wiemer and Schorlemmer (2007)
and Nanjo et al. (2010). The spacing between grid
nodes was chosen as 0.1° both in latitude and lon-
gitude, on the order of the epicentral location uncer-
tainties (Section 3.2). For each node, M. and 6 M.
were calculated using its closest earthquakes, at least
60. Distances were measured along the great-circles
between the nodes and the epicentres, using a spheri-
cal model for the Earth, with radius 6371.007 km, the
sphere of equal area of the most frequently used Earth
reference ellipsoids (Moritz 2000; NIMA 2000). Ini-
tially, a search radius of 5 km around each node was
considered (so that the search area is similar in size to
the latitude-longitude cells of the grid). If there were
< 60 epicentres within this radius, it was increased
until it included the 60 closest earthquakes, but up to
a maximum of 100 km. This limit attempts to avoid
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mixing earthquakes from regions too distant to each
other, with different M, (e.g. Nanjo et al. 2010) and to
minimize the artifact of calculating it in areas devoid
of earthquakes.

In the resulting map, the blank regions have too
few earthquakes recorded per unit area to calculate a
meaningful M. (< 60 within 100 km from a node).
Compared with the other regions, they have either an
intrinsically lower seismicity rate, or a higher M., or
both. For some regions, M. could be calculated in
periods with high seismicity rate (for example, with
aftershock sequences) but not in others. It might be
possible to extrapolate M, to these blank areas using
different procedures, which consider how it increases
with distance from the stations (Schorlemmer and
Woessner 2008; Mignan 2012). To properly use such
methods, it would be necessary to know (or to deduce,
e.g. Gentili et al. 2011) when each station was in oper-
ation and contributing data to the catalogue. In the
IGN catalogue, this would be possible for the stations
of the backbone network, but becomes exceedingly
complicated for the additional stations from other
institutions.

Since depths are often poorly determined, or not
determined independently at all (Section 3.3), I chose
not to set a fixed maximum depth threshold. Only the
five earthquakes with depth > 600 km (Section 3.3
and Fig. 7) were excluded from the analysis. This
is a conservative approach: deep earthquakes are less
likely to be detected than shallow ones, so the M,
calculated from a sample with mixed depths will be
higher than if only the shallow earthquakes were con-
sidered. In most areas, the catalogue is dominated by
shallow seismicity anyway (Fig. 1 and Section 3.3),
so except for specific locations discussed later, depth
is probably a minor factor compared to the epicentral
distance from the stations.

5.3 Choice of temporal periods and magnitude scales

To account for temporal heterogeneities in M., the cat-
alogue was divided into periods. Ideally, these should
be long enough to include many earthquakes, for cal-
culating M. in as many locations as possible, and
reducing the extent of blank areas. But they should
be short enough to ensure that M, was stable, with a
relatively stable network (e.g. Hutton et al. 2010) and
without changes in magnitude reporting (e.g. Tormann
et al. 2010). Using too long periods with unstable
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completeness would yield underestimated M, values,
because the departure from Eq. 10 is controlled by the
statistics of the most complete parts of the catalogue
(e.g. Michael 2014).

Periods were separated by milestones in the devel-
opment of the backbone network, improvements in the
earthquake detection routines and changes of the mag-
nitude formulae used. The evolution of other networks
which contributed to the catalogue (either temporary
ones or from other institutions) had to be disregarded
to avoid exceeding complexity.

The preferred magnitude listed by IGN for each
earthquake in the abridged catalogue was used. M,
at each node depends on the magnitude scale(s) used
locally (e.g. Fig. 9). In the full-format catalogue, only
one magnitude type is typically reported, so separating
earthquakes by magnitude type would indeed cre-
ate subsets less complete than the original catalogue.
Thus, it is not statistically meaningful (although it
would be more physically meaningful) to calculate M
separately for each magnitude type. Reliable magni-
tude conversion formulae for this catalogue (Cabaias
et al. 2015, and references therein) are not available
for M < 3, while it was expected that M, < 3 in
most of the region, so I did not attempt to convert
magnitudes to a common scale.

5.4 M. in the Iberian Peninsula and surroundings

According to Mezcua et al. (2011) and Martinez
Solares et al. (2013), the catalogue may be complete in
the Iberian Peninsula for M 2 5 since the early nine-
teenth century, and for M 2 4 since the mid-twentieth
century, being less complete offshore, in northern
Africa, and in earlier times. These assessments esti-
mated the missing magnitudes from macroseismic
intensity and assumed that, for a given magnitude
threshold, the catalogue is complete from the moment
at which the earthquake rate from that threshold
upwards becomes stationary (following Stepp 1972).
The analysis made here covers the years 1962
onwards, for which the catalogue reports magnitude
systematically for most events. The increasing slope
of the cumulative number of earthquakes (Fig. 2) and
the overall decrease of the median magnitude (Fig. 10)
already evidence that M. in the catalogue has been
reduced throughout the decades. Figure 4 shows maps
with the backbone stations in each period, while M,
and § M, are mapped in Figs. 12 and 13, respectively.
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During the first four periods considered (January
1962 to October 1997), a single myL scale was used;
relatively few earthquakes were recorded (Fig. 2) so
M, can be reliably determined only in the most seis-
mically active areas.

The first period analysed is chosen to include from
January 1962 (for which the my scale started to be
used, Mezcua and Martinez Solares 1983) to Septem-
ber 1978, and during this time, only a few IGN
observatories operated, including the WWSSN sta-
tions of Toledo and Malaga (these from late April
1962 onwards, ISC 2016a). M. was 3.0-3.7 in the
Alboran Sea (the westernmost corner of the Mediter-
ranean) and its surrounding mountain ranges (Betics
to the north, Rif to the south), while it was 3.2-3.5 in
the Pyrenees. In the Atlantic Ocean, the location of the
largest earthquake in the instrumental era, occurred in
1969, has the highest M. determined in this period,
~ 4.1 (see also Fig. 11).

During the initial deployment of the short-
period, telemetred, Spanish National Seismic Network
(October 1978 to December 1984) M. improved
slightly, but was still > 3 in the Iberian Peninsula.
In NW Algeria, the catalogue is dominated by the
1980 El Asnam (now called Chlef) earthquake and
its aftershock sequence, which were recorded with
M.~ 45.

During the first years of the new network (January
1985 to December 1991), and with an increasing num-
ber of stations, M. decreased to < 3 in all areas where
calculable in the Iberian Peninsula and immediate sur-
roundings, reaching down to 2.4-2.6 at and around
the location of the 1985 Loja swarm in the Betics,
which was monitored by IGN with temporary stations
(Carrefio et al. 1991a). This swarm and others during
this period caused a decrease of the median magni-
tude in the catalogue (Fig. 10 and Section 4.6). In the
periphery of the network, such as on the northern side
of the Pyrenees and in the Rif, M was still 3.0-3.3.
Meanwhile, M. dropped to ~ 3.7 at the same spot in
NW Algeria mentioned in the previous period.

The catalogue is complete in the most seismic areas
of the Peninsula down to M. ~ 3 since 1992. At
that time, the first automatic location procedure was
fully in operation (which also corresponds to a differ-
ent pattern in depth reporting, Fig. 7 and Section 3.3),
and since late 1992, the Sonseca array started pro-
viding data to the catalogue. Between January 1992
and October 1997, the best monitored areas continued

to be in the SE of the peninsula, M. reaching 2.3
locally, while M, increased according to distance from
the network, reaching 3.5 offshore to the SW of the
peninsula, and in sites of northern Africa.

A major improvement of the catalogue complete-
ness is observed from November 1997, when the new
automatic location procedures were implemented.
This was also evidenced by a sudden drop in the
median magnitude (Fig. 10 and Section 4.6). Any-
where in the peninsula (where measurable) M, < 2.8,
and reached down to 1.7 precisely at the site with the
densest monitoring, in the Granada region (Betics).
Even the values calculated offshore and in northern
Africa were < 2.8, which is surprisingly low. This
may be attributed to the underestimation of myrg for
distant offshore earthquakes (Section 4.3); my, had
started to come into use, but during this period only for
< 1 % of earthquakes, so with very slight influence on
M.

The most dramatic drop in M. took place since
March 2002, which also corresponds to a drop in
median magnitude (Fig. 10 and Section 4.6) and to the
most remarkable increase in the apparent frequency
of earthquakes with M < 3 (Fig. 2). This must be
due both to the deployment of the new broadband
network and to the use of the new, improved mypLg
formula, which provides lower magnitude values for
earthquakes at epicentral distances < 440 km from the
station (Sections 4.3 and 4.6). Between March 2002
and June 2005, M. < 2.0 over the whole Iberian
Peninsula, and typically < 1.5 in the most densely
monitored areas, a pattern which continues along the
broadband era. Despite the network improvement, M,
rose with respect to the previous period in locations
far offshore and in regions in northern Africa, which
is explained by the systematic use of my, for distant
earthquakes, that tends to provide higher magnitudes
(this also occurs with the new mpLg scale compared
with the older one at distances = 440 km).

Between July 2005 and June 2010, the broadband
network continued to grow. Completeness improved
noticeably in offshore areas. The greatest drop of M.,
down to >~ 1.0 in the western Pyrenees, was due
to the deployment of the dense network around the
Itoiz and Yesa reservoirs (Section 2.12). Regions exist
however, where stations were closed down (Fig. 4)
and M. worsened nearby, especially in Galicia (NW
Iberian Peninsula) and other areas in the interior of the
Peninsula.
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During the last period analysed (July 2010 to
December 2013), the completeness was similar to
the previous one, although the progressive closing
of almost all remaining short-period stations of the
backbone network explain local deteriorations of com-
pleteness (such as around 3° W, 39° N).

The uncertainty of the results, §M. (Fig. 13), is
remarkably low (typically < 0.2, i.e. in the order of the
magnitude uncertainties themselves, Section 4). But a
few exceptions during the broadband era require addi-
tional explanation. Offshore and in Northern Africa, a
sharp transition from M, =~ 2.5 to 2 3.5 is measured,
associated to the highest § M. values (> 0.4). This
must be due to the use of different magnitude scales
(Fig. 9 and Section 4), with my, values for the more dis-
tant earthquakes being systematically higher than the
myLg values of similar, closer earthquakes (because
of overestimation of my, Cabaiias et al. 2015). So in
the spatial fringes where the mixture of magnitudes
takes place, the measured M. changes abruptly, the
theoretical fit to the magnitude-frequency distribution
is poorer and with higher §M.. In the Alboran Sea,
a N-S area has higher M, than the surroundings, and
with relatively high §M. ~ 0.3. Relatively abundant
intermediate-depth earthquakes (plus shallow ones)
take place here (Buforn et al. 1997). So, consequently,
a local mixture of M, ensues: the deeper earthquakes
are being less completely recorded (and measured in
my scale, both factors raising the overall M), while
the shallower ones are more completely recorded (and
in myLg scale). In other offshore areas, in the Atlantic,
intermediate-depth earthquakes also take place, and a
similar situation probably occurs, though less spatially
localized.

In Peninsular Spain, within each period, M. gener-
ally correlates with the distance to the stations shown
in Fig. 4, and largely agrees very well with the the-
oretical detection thresholds of the Spanish National
Seismic Network for specific dates. Maps of these
thresholds, elaborated by IGN personnel and appar-
ently based on the method implemented by Rueda
and Mezcua (2006), are available for the network
configuration ca. 1990 (Fig. 16 of Mezcua 1995),
1993 (Fig. 17 of Mezcua 1995), 2002 (Fig. 3 of
Carrefio et al. 2003) and 2010 (Rueda 2010, which
does not include the dense network in the Aragén
Valley). The most recent theoretical analysis of the
detection threshold was made by D’ Alessandro et al.
(2013), assuming that all the stations listed in their
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Table 1 were functioning simultaneously (Antonino
D’ Alessandro, pers. comm., 2013). That list, however,
includes all stations ever operating in the backbone
network, mixing stations that were opened up to mid-
2010 with those already permanently closed. This
prevents a meaningful comparison with such a detec-
tion threshold in most of the region. For the dense
IGN network around the Itoiz and Yesa reservoirs,
for which indeed the stations were simultaneously
operating by mid-2010, the detection threshold (local
magnitude M1, ~ 1.0) calculated by D’Alessandro
et al. (2013) is like the M, calculated there during the
last two periods.

During the broadband era, M, is lower than the
expected detection thresholds (from Carrefio et al.
2003; Rueda 2010) in the eastern Pyrenees (most
notably since 2010), southern Portugal, several loca-
tions in Andalusia (southern Spain) and in NW Africa
(with notable progressive improvements since 2005).
These are areas where the catalogue truly benefits
from the data from additional stations of other institu-
tions within Spain and neighbouring countries, whose
networks were also improving at the time. Conversely,
M_ is higher than expected in the areas where myp, was
predominantly used, because such theoretical detec-
tion thresholds were based on myp .

5.5 M. in the Canary Islands

In the Canary Islands, the catalogue seems quite in-
complete before the ninetieth century (e.g. Vinciguerra
and Day 2013) and even until the mid-1980s (only
67 earthquakes are listed from 1962 to 1984). An
overview of the historical earthquakes was given by
Gonzélez de Vallejo et al. (2006). The Canary cata-
logue until 1980 is taken from Mezcua and Martinez
Solares (1983), who warned that it is probably not
valid for statistical analyses, since it relies on diverse
partial sources, and they had to complement the instru-
mental observations during 1960-1980 with the bul-
letin of the International Seismological Centre. Given
those limitations, I have chosen to calculate M, only
from 1985 onwards.

For each period considered for completeness anal-
ysis, the stations of the Spanish National Seismic
Network, M. and M. are mapped in Fig. 14. Sev-
eral of the milestones used for separating periods are
different than for the Iberian Region, given that the
Canary subnetwork had a separate temporal evolution
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and that (as it comprises few stations) M. may be
notably influenced by each station opening or closing.
Before the seismic swarms below El Hierro island,
most of the seismicity had taken place near the center
of the archipelago, especially between the two largest
islands, Tenerife and Gran Canaria. Until May 2004,
M. can be calculated with sufficient spatial detail only
in this central area, while later on there are sufficient
earthquakes for measuring it over a wider region.

During the early years of the short-period teleme-
tred network (1985 to 1989), M. (in Mp scale,
Section 4.2) was 2.7-2.8. The new stations opened in
Tenerife in 1990 (Section 2.7) lowered M. there to
2.4-2.6 from January 1990 until October 1997. From
November 1997 until February 2002, the median mag-
nitude rose (Fig. 10) and M, also rose to 2.7-2.9,
despite the new automatic location procedures. This
worsening is partially due to the change in magnitude
scale (to the older mpLg), and probably also due to
the closing of one of the three short-period stations in
Tenerife in January 1997. Data from the first broad-
band stations during April 2001 to February 2002
reduced the median magnitude (Fig. 10) and probably
reduced M., but this could not be measured as too few
events were recorded during this brief period.

4

As in the Iberian region, M. has been greatly
reduced during the broadband era. The introduction
of the new mpLg scale in March 2002 (Section 4.6)
and the deployment of the initial broadband network
reduced M, down to 1.5-2.0 until mid-May 2004.
The new stations deployed since this date in Tenerife
(Section 2.13) further lowered M, to ~ 1.3 just below
this island, while it rose outwards from there up to 2.4
at the farthest locations from the network.

In the last period considered, the catalogue is dom-
inated by the seismicity in El Hierro, thanks partly
to the dense seismic network there deployed since
21 July 2011 (Section 2.13). M. below and around
El Hierro is spatially heterogenous, with the lowest
values (~ 1.2) to the south of the island, proba-
bly because that was the location of the shallowest
hypocentres, close to the submarine eruption site (e.g.
Domiguez Cerdena et al. 2014). The apparent exten-
sion of these low M. up to 100 km offshore SE
of El Hierro, where actually no earthquakes were
recorded, is an artifact of the spatial windowing pro-
cedure. West of El Hierro, where several swarms
of more distant, deeper earthquakes took place after
the eruption, is where the highest values (up to
2.9) are measured. During the swarms preceding the
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eruption, the earthquake foci migrated significantly
with respect to the network, and new stations were
opened (Dominguez Cerdefia et al. 2014). These fac-
tors contribute to explain the temporal changes of
M, observed by Ibafiez et al. (2012) and Telesca
et al. (2016). During the eruption, reported magni-
tudes were typically higher than before (e.g. Ibanez
et al. 2012, their Fig. 3B). This may be, at least
partially, a consequence of the volcanic tremor of vari-
able amplitude which accompanied the eruption and
which hampered the detection of the smallest earth-
quakes. All the mentioned factors bring about a sense
of the complexity of determining a meaningful M,
in the El Hierro earthquake series (see also Roberts
et al. 2015). Meanwhile, two of the Tenerife stations
were no longer in operation in this last period, what
explains the increase of M, there up to 1.6-1.8.

6 Daily and weekly variations
The seismic noise produced by human activities (vehi-

cle traffic, machinery from industries, etc.) typically
has daily and weekly cycles. It is higher during

daytime than nighttime, and also higher on weekdays
than at weekends (e.g. Bonnefoy-Claudet et al. 2006;
Diaz et al. 2010; Custddio et al. 2014). Even a relative
decrease of seismic noise is sometimes observed dur-
ing lunch breaks (e.g. Bonnefoy-Claudet et al. 2006;
Diaz et al. 2010). As a result, since the ability to
detect and locate earthquakes decreases with noise
amplitude, commonly more earthquakes are recorded
in the catalogues during nighttime (e.g. Rydelek and
Sacks 1989; Iwata 2013), lunch breaks (e.g. Custddio
et al. 2015) and weekends (Zotov 2007; Atef et al.
2009).

Daily variations, with fewer detected events dur-
ing the daytime hours attributable to higher artificial
noise, are apparent in the catalogue (Fig. 15). This
effect had already been reported by Carniel et al.
(2008), Del Pin et al. (2008) and Dominguez Cerdefia
et al. (2011) in the Canary Islands and by Custédio
et al. (2015) in the Portuguese catalogue. The daily
variation is less apparent during the period with
volcano-tectonic episodes in El Hierro (not plotted in
Fig. 15), indicating that recorded earthquake frequen-
cies may then have been mostly dominated by natural,
temporal variations of the seismicity rate.
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Fig. 15 Hourly and weekday earthquake frequencies in the

Iberian region and Canary Islands (areas of Figs. 12 and 14) for
the periods indicated. The magnitude of completeness M. and
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A slightly higher frequency of earthquakes is
recorded around noon in the Iberian region. This could
be attributed either to the effect of catalogue con-
tamination by blasts detonated precisely during the
lunch break (Section 7, see also Gulia, 2012) and/or
to a lower M. thanks to the lower artificial noise at
lunchtime, as proposed for the Portuguese catalogue
(Custédio et al. 2015).

A weekend effect is clearly observed in the Iberian
region, with significantly more earthquakes being
recorded on Saturdays and especially on Sundays
(Fig. 15). In the Canary Islands, it is not observed (not
plotted in Fig. 15 for simplicity), which might mean
that artificial noise has a similar amplitude throughout
the whole week.

Such cyclic effects should be smoothed out if only
the complete part of the catalogue is considered, above
a completeness threshold (e.g. Rydelek and Sacks
1989). To test this (and thus indirectly the reliability
of the completeness analysis), I considered for each
earthquake the local M. and 6M, at the particular
latitude-longitude cell and specific period at which the
earthquake occurred (Fig. 15). Most earthquakes in the
instrumental era took place in sites where complete-
ness had been determined. If only earthquakes with
M > M. — 6§ M, are considered (i.e. a low, optimistic,
threshold), the daily and weekly variations are greatly
reduced, but do not disappear completely, so the cata-
logue is not complete for that threshold. For M > M,
these variations seem to vanish completely, and the
remaining variability in earthquake frequency is prob-
ably real. The pattern is very similar if a higher, more
conservative completeness threshold, M > M.+8§M,
is used. These results support the completeness analy-
sis, evidencing that the calculated M. is the minimum
threshold of completeness of the catalogue, and that
its uncertainty, § M., is partially due to the daily and
weekly variations in the noise level.

7 Catalogue contamination by blasts

Earthquake catalogues are often contaminated by arti-
ficial events, most frequently quarry or mine blasts
(e.g. Wiemer and Baer 2000; Gulia 2010; Gulia
et al. 2012; Cattaneo et al. 2014). Blasts misclassi-
fied as natural earthquakes alter the statistics made
with the catalogue and may artificially rise the seis-
micity rate and the calculated seismic hazard. They are

especially difficult to identify when they take place in
seismically active regions.

The online IGN catalogue aims to only include nat-
ural earthquakes and to exclude artificial seismicity,
a challenging task since the Iberian Peninsula hosts
extensive mining activities. In the printed bulletins up
to 1986, earthquakes identified as artificial explosions
were still listed and specifically labelled. Artificial
events are typically of low magnitude, so they started
to become more frequently recorded since the 1980s.
The reduction of M. since the deployment of the
broadband network in the 2000s (Section 5) enabled
recording tens of thousands of blasts in the Iberian
Peninsula, outnumbering by far the actual earthquakes
(Rueda Niifiez 2006; Garcia Vargas et al. 2016). Rou-
tine screening relies on analyst judgment, based on
waveform analysis and on the time of occurrence,
being blasts expected preferentially during daylight
hours (Garcia Vargas et al. 2016).

Despite such efforts, artificial events occasionally
pass this screening and are incorporated in the cata-
logue as if they were natural seismicity (Garcia Vargas
et al. 2016). For example, thanks to the use of a dense
local network, Torcal et al. (2005) identified several
explosions or quarry blasts which had been consid-
ered natural microearthquakes in the IGN catalogue.
In a more generic analysis, Gulia (2010) identified
sites with suspect contamination of quarry blasts in
this and other European earthquake catalogues. Her
analysis is based on the ratio of daylight to nighttime
events, which takes into account that blasts at quarries
or construction sites typically occur during daytime
(e.g. Benson et al. 1992; Wiemer and Baer 2000;
Gulia et al. 2012; Panzera et al. 2016), while natural
earthquakes are typically more abundantly recorded
in the catalogues during nighttime, because of the
lower artificial noise (Rydelek and Sacks 1989, and
Section 6).

An illustrative example of blast contamination
highlighted by a high daytime to nighttime ratio is
the Trimouns talc quarry (de Parseval et al. 2004), the
largest open-pit talc mine in the world. It is located
near Luzenac, in the French Pyrenees, where natu-
ral earthquakes also take place (42.805° N, 1.804°
E, Fig. 16). Mining is carried out there from May to
November, and blasting is performed at a very narrow
time interval within the evening breaks, shortly before
16 h UT, that is 18 h summer official time (Julien
Conté, former Trimouns mining project manager, pers.
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Fig. 16 Example of catalogue contamination by quarry blasts.
Star indicates the location of the Trimouns talc quarry in the
French Pyrenees. Circles indicate earthquakes recorded until
December 2013, with size proportional to magnitude (mpLg
scale). Red circles indicate highly likely blasts, that is, recorded
at the typical daily blasting schedule at this quarry (a narrow
range of just 7 min, 15:50-15:56 UT) during different months
and years. White circles indicate earthquakes recorded at other
times, which are most likely natural seismicity. Digital elevation
model from Farr et al. (2007)

comm., 2015; Godey et al. 2013). At this location, the
IGN catalogue includes tens of highly likely quarry
blasts, recorded in different years since 2004 with ori-
gin time between 15:50-15:56 UT, and mp, < 2.0
(Fig. 16).

The catalogue, however, offers examples of blast
contamination with precisely the opposite pattern:
a particularly high frequency of nighttime blasts.

Figure 17 shows the seismicity in part of the Iberian
Pyrite Belt, a geologic region rich in massive sul-
phide deposits (Leistel et al. 1998; Rosa et al. 2010),
which is also seismically active. Two tight clusters
of small-magnitude earthquakes (mpLg < 2.3, and
~ 1 in most cases) pinpoint the Portuguese mine of
Neves-Corvo and the Spanish mine of Aguas Tefiidas,
where sulphide ores (mostly of copper and zinc)
are extracted after large-scale underground blasting
(Chadwick 2007; Garcia Maneiro et al. 2012). Neves-
Corvo (currently the largest copper and zinc mine in
the European Union) started operating in 1988, but
seismicity is recorded in the catalogue only since 1999
(perhaps because this is about the time when the mag-
nitude of completeness began to be low enough to
record these small events, Fig. 12). At Aguas Tefiidas,
recorded seismicity began in 2009, right when com-
mercial extraction started. Other earthquakes in the
area may be tectonic, which underlines the need of
distinguishing blasting from actual seismicity. In both
mines, most recorded events occur in agreement with
blasting schedules (Fig. 17). For the sake of safety,
underground blasts are performed when workers are
out of the mine (during meal breaks or shift changes).
So they typically occur every 8 h (at early morning,
lunch time and dinner time), and also around official
midnight in Aguas Tefiidas (Sheila Maqueda —former
drill and blast engineer at this mine—, pers. comm.
2014). Finally, these mines are exploited (and earth-
quakes have also been recorded at them) all days
of the week. These observations cast doubts on the
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Fig. 17 Examples of catalogue contamination by underground
mine blasts. Stars indicate the location of the mines of Aguas
Tenidas (AT) and Neves-Corvo (NC), in SW Iberian Peninsula.
Circlesindicate earthquakes, with circle diameter proportional
to magnitude (mp = 4.5 for the largest event, and myL scale
for all the others). Histograms indicate hourly frequencies of the
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earthquakes within the polygons surrounding each mine (which
agree with the planned schedule of underground blasts). Offi-
cial time is 1-2 h ahead of Universal Time in peninsular Spain,
and 0-1 h in peninsular Portugal, depending on daylight saving
time. Digital elevation model from Farr et al. (2007)
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reliability of identifying and removing blasts in seis-
mic catalogues based only on day/night activity ratios
or by their occurrence on working days (instead of
weekends).

Identifying blasts from their location alone is ham-
pered by location errors. This is evidenced by the wide
dispersion of blast epicentres in the examples shown,
especially in Trimouns (Figs. 16 and 17). Quarry or
mine blasts have very shallow origin depths (~ 0
km), what might help in distinguishing them from
natural (deeper) earthquakes. But these small events,
typically recorded by few stations, have poor depth
determinations. In the three examples detailed here,
most blasts have no depth determined independently
(depth is fixed to O km in the analysis), and those
for which depth is calculated have diverse reported
depths, even > 10 km in several cases, evidencing
poor depth accuracy.

For statistical analysis of the catalogue, it is useful
to set a magnitude threshold above which blasts are
absent or highly unlikely (e.g. Habermann 1987). In
Europe, quarry blasts do not usually reach M ~ 2.5
(Giardini et al. 2004; Gulia 2010). But in Spain, blasts
recorded and identified by IGN occasionally reach
mpLg > 3.0 (Rueda Nufiez 2006). An exceptional case
of mining-related seismicity in Spain was the ground
shaking caused by the collapse of the Reocin mine
(7 January 1965), which reached mp; = 4.1 and
whose entry was recently removed from the IGN cat-
alogue. This early exception aside, it seems likely that
only small collapse events may be confused with nat-
ural seismicity and included in the catalogue, such
as a probable case with mpLg = 2.2 analysed by
Alvarez-Garcia et al. (2013).

To estimate the upper magnitude threshold of non-
tectonic events contaminating the IGN catalogue, 1
compared it with the list of non-tectonic events in
the same region, supplied by the EMSC for January
1998-July 2012 (Gilles Mazet-Roux, pers. comm.,
2015). The list contains over 34,000 events, mostly
mine explosions, and is built with data contributions
from IGN and other agencies, plus further screening
by EMSC operators, which considers the location of
known blasting sites and the times at which blasts
are typically detonated (Godey et al. 2013). I consid-
ered that an event in the IGN catalogue was also on
the EMSC list if there was a difference in origin time
< 1.5 s and epicentral distance < 10 km between
them. This lead to identifying 210 non-tectonic events

in the IGN catalogue, all located in the Iberian Penin-
sula and southern France (none in Northern Africa or
the Canary Islands). This figure is optimistic, consid-
ering the number of potential blasts already identified
in the cases analysed here. However, it is expected to
include at least the largest blasts, which should be the
easiest to identify and the most consistently located in
both catalogues. The IGN magnitudes of these events
was mpLg < 2.5 and in most cases < 2.0. Is thus
unlikely that the IGN catalogue is contaminated by
non-tectonic events with mpLg = 2.5, an observation
that also holds for the blasts identified in the exam-
ples above and for the collapse event discussed by
Alvarez-Garcia et al. (2013).

8 Concluding remarks

This paper has tried to offer a comprehensive review
of the Spanish National Earthquake Catalogue and its
main overall properties, focusing on the instrumental
era. The evolution of the catalogue is detailed, high-
lighting the upgrades of the monitoring network, of
the techniques used for locating earthquakes and of
the determination of magnitudes. These developments
have resulted in an heterogeneous catalogue with a
marked overall improvement over time.

The hypocentral location precision has improved
over the decades and shows a clear spatial pattern,
being typically much better in the Iberian Peninsula
than elsewhere, especially for the hypocentral depth.
The most notable improvement began with the intro-
duction of the new automatic location procedures in
November 1997. As in other instances (e.g. Amato
and Mele 2008; Custddio et al. 2015), earthquakes in
distant offshore areas are the least precisely located,
because they are far from the stations and recorded
with a large azimuthal gap. The determination of focal
mechanisms off the Iberian Peninsula shore also suf-
fers from these factors (Domingues et al. 2013). Such
limitations are particulary relevant because tsunamis
and the largest earthquakes in the region have indeed
originated in such areas. Ocean-bottom seismome-
ters could greatly improve offshore monitoring, as
highlighted by results from temporary deployments
(e.g. Geissler et al. 2010) and theoretical modelling
(Zahradnik and Custédio 2012). Further improve-
ments are expected from the use of refined velocity
models (e.g. Lozano et al. 2016).
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The catalogue includes a temporal and spatial mix-
ture of non-equivalent magnitude scales. In other cat-
alogues such diversity is known to affect, e.g. the
calculated seismicity rates and b-values, and should
be carefully considered before any statistical analy-
sis (e.g. Habermann 1987; Zdfiga and Wiemer 1999;
Tormann et al. 2010, and references therein). Homog-
enizing the magnitudes from this catalogue has been
carried out in several instances by converting them all
into moment magnitude by using empirical relations
(Mezcua et al. 2011; Martinez Solares et al. 2013;
Gaspar-Escribano et al. 2016, and references therein).
But reliable conversion relationships (Cabaiias et al.
2015) are only available for magnitudes 2 3 (i.e. for
a minority of events), since original moment mag-
nitudes for small earthquakes in the area can rarely
be calculated. Backward review of catalogue magni-
tudes into a single scale when possible (e.g. Tormann
et al. 2010) would alleviate part of this heterogeneity.

Improvements in earthquake detection have
enabled recording increasing numbers of earthquakes
in the region per unit time, evidencing a progressive
lowering of the magnitude of completeness, M.
For the first time for this catalogue, detailed maps
of M. are here calculated, during several periods
in each region analysed. These periods, as short as
data availability allows, are chosen considering the
reviewed evolution of the catalogue, taking care that
during each of them the network was relatively stable,
and the same routines for location and magnitude
determination were used. This kind of detailed tem-
poral analysis had so far only been carried out for
catalogues with many more events (e.g. Hutton et al.
2010). The appropriateness of the temporal and spatial
choices of the analysis is evidenced by the consis-
tency of the results (the lowest M, is systematically
found in the areas with densest monitoring) and their
typically low uncertainties (except for areas where
earthquakes with different magnitude scales overlap).
M_ first improved slowly from the 1960s to the 1990s.
A sudden improvement was due to the introduction of
new automatic location routines in late 1997, and a
dramatic one was achieved by the new digital, broad-
band network from 2002 onwards. The catalogue is
more complete in the most seismically active (better
monitored) areas within the Iberian Peninsula and the
Canary Islands than elsewhere, although a progres-
sive improvement of completeness over the years is
observed even in offshore areas.
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A weekend effect (more earthquakes recorded dur-
ing weekends) is found in the catalogue for the first
time, as well as the better known daily variations
(more earthquakes recorded during nighttime). Both
effects are interpreted as related to the variable ampli-
tudes of artificial noise. They disappear when only
the complete part of the catalogue is regarded, which
supports the values of magnitude of completeness
calculated here.

Clear examples of contamination by quarry and
mine blasts (with magnitudes < 2.5) are pin-
pointed, despite the monitoring agency has success-
fully removed the vast majority of artificial explosions
from the catalogue. The cases studied here indicate
that useful complementary screening would be pro-
vided by checking known mining sites and their typi-
cal blasting schedule. Examples of large-scale under-
ground mines are found where blasts are set off during
nights and weekends, indicating that it is not always
correct to assume that blasts are only made during
daylight times (e.g. Wiemer and Baer 2000) and in
weekdays.

Hopefully, this review will provide useful guide-
lines for users of this valuable database and also
insight for planning where and how this catalogue
would most benefit from future upgrades in instru-
mentation or in routine analysis of the seismic data.
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