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The	  Azores-‐Gibraltar	  plate	  boundary	  

Grimison	  and	  Chen	  (1986)	  

2030 Grimison and Chen: Azores-Gibraltar Plate Boundary 
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Fig. 1. Bathymetric map of the region between the Azores and Gibraltar with the impor- 
tant features marked [Searle et al., 1982]. Contour interval is 1000 m. The stipled 
areas indicate regions where the water depth is greater than 4000 m. 

to 3 mm/yr [e.g., Minster and Jordan, 1978]. 
McKenzie [1972] and Udfas et al. [1976] sum- 
marized the seismicity and fault plane solutions 
in this region based mainly on teleseismically 
located events and the first motions of P waves 
(also see the recent review by Ud{as [1982]). 
Data for the Terceira ridge is sparse. One nor- 
mal faulting event consistent with active exten- 

sion along the ridge is reported by McKenzie 
[1972], while Ud{as et al. [1976] presented 
several loosely constrained fault plane solutions 
showing strike-slip motion. The Gloria fault 
does not seem to have been the site of any major 
earthquake since at least 1500 A.D. [Ud{as et 
al., 1976, Figure 2]. With the possible excep- 
tion of a large event in 1975 [Lynnes and Ruff, 

Fig. 2. Map showing epicenters of all earthquakes (crosses) with m b > 4.0 reported by 
the International Seismological Center (I.S.C.) between 1964 and 1979 in the region 
between the Azores Islands and the western Mediterranean. Equal area projections of 
the lower hemisphere of the focal sphere are plotted for the fault plane solutions of 
15 large events (stars) where darkened quadrants correspond to compressional first 
motions (Tables 1 and 2). The smaller plots of nodal planes represent published solu- 
tions for five events of this region (Table 2). In addition, the epicenters of 5 large 
(M>6) historical events since 1931 are plotted as solid circles. Their fault plane 
solutions, based on first motion readings reported in the International Seismological 
Summary, can be found in Constantinescu et al. [1966], DiFilipo [1949], and Ud{as et 
al. [1976]. Part of the trace of a small circle centered at the RM2 pole [Minster and 
Jordan, 1978] of the instantaneous plate motion between Eurasia and Africa was drawn by 
passing the circle through the point where the direction of the tangent of the Gloria 
fault was measured. Note that almost all the earthquakes occurred outside of this 
small circle. 



Plate	  boundary	  zones	  
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Fig. 1. Map showing idealized narrow plate boundaries, velocities between plates, and regions of 
deforming lithosphere (81). Plate velocities are shown by arrows. The length of the arrows shows 
what the displacement would be if the plates were to maintain their present relative angular velocity 
for 25 million years. The plate separation rate across mid-ocean ridges is shown by symmetrical 
diverging arrows with unclosed arrowheads at both ends. The plate convergence rate is shown by 
asymmetrical arrows with one solid arrowhead, which are shown on the underthrust plate where 
convergence is asymmetric and the polarity is known. Each convergence arrow points toward the 
overthrust plate. The outlines of deforming regions are approximate and the existence of some 
deforming zones is speculative. Fine stipple shows mainly subaerial regions where the deformation 
has been inferred from seismicity, topography, other evidence of faulting, or some combination of 
these. Medium stipple shows mainly submarine regions where the nonclosure of plate circuits 
indicates measurable deformation; in most cases these zones are also marked by earthquakes. 
Coarse stipple shows mainly submarine regions where the deformation is inferred mainly from the 
presence of earthquakes. (Compare with earthquake locations in Fig. 2.) These deforming regions 
form wide plate boundary zones, which cover -15% of Earth's surface. Future observations may 
demonstrate that deforming lithosphere covers an area larger or smaller than shown here. Plate 
name abbreviations: AF, Africa; AN, Antarctica; AR, Arabia; AU, Australia; CA, Caribbean; CO, 
Cocos; EU, Eurasia; JF, Juan de Fuca; IN, India; NA, North America; NZ, Nazca; PA, Pacific; PH, 
Philippine Sea; SA, South America; SC, Scotia Sea. 

Analysis of magnetic anomalies over mid- 
ocean ridges shows that plate separation 
rates over the past few million years vary 
from a low of 12 mm/year across the Arctic 
Ridge to a high of 160 mm/year across the 
East Pacific Rise between the Pacific and 
Nazca plates, with a median rate of -40 
mm/year (Fig. 1). Convergence rates be- 
tween the stable interiors of plates meeting 
at deep sea trenches range from a low of 
-20 mm/year along the southern Chile 
trench, where the Antarctic plate under- 
thrusts the South American plate, to -110 
mm/year along the Australia-Pacific plate 
boundary, with a median rate of -70 mm/ 
year (6) (Fig. 1). 

Because tectonic plates move along the 
nearly spherical surface of Earth, motion 
between plates can be represented simply as 
rigid body rotations. In the limiting case of 
geologically instantaneous motion (that is, 
the average over a few million years), the 
rigid body rotations can be described by 
angular velocity vectors. The assumption of 

plate rigidity allows geometrically precise 
and rigorously testable predictions to be 
made. The observed near rigidity of the 
plates also permits the treatment of plate 
kinematics separately from the dynamics. 
Abundant data describe the geologically 
instantaneous motion across the narrow 
boundaries that separate nearly all the ma- 
jor plates, permitting many tests of plate 
tectonic predictions. 

In this article, we first review geological- 
ly instantaneous plate kinematics and dis- 
cuss many observations that do not conform 
to plate tectonic theory. We then describe 
the recent success of and potential for 
further progress from applications of space 
geodesy to tectonic problems. Space geo- 
detic data have already shown that plate 
velocities averaged over several years are 
similar to those averaged over millions of 
years and have helped to quantify the de- 
formation in wide plate boundary zones. 
Current and planned research using space 
geodesy promises many advances in under- 

standing the kinematics of plate boundary 
zones with implications for the forces that 
drive plate motion, build mountains, and 
cause earthquakes. 

Plate Boundary Zones 

A plate boundary zone is the zone of active 
deformation that takes up the motion be- 
tween nearly rigid plates. Earth's surface 
would be covered completely by a mosaic of 
plates that interact only along their edges if 
plate boundaries were lines having no width 
(Fig. 1). Real plate boundary zones, how- 
ever, vary in width from a few hundred 
meters (7, 8) for some oceanic transform 
fault plate boundaries to thousands of kilo- 
meters within the deforming zone taking up 
motion between India and Eurasia (9) (Fig. 
1). Herein we refer to plate boundary zones 
as narrow if they are up to -60 km wide, 
the maximum width of the plate boundary 
zones of mid-ocean ridges (10), and wide if 
they are hundreds to thousands of kilome- 
ters wide. 

Plate boundaries can be classified into 
three types depending on whether the mo- 
tion between two plates (i) contains a 
component of divergence, (ii) contains a 
component of convergence, or (iii) is par- 
allel to the boundary with no convergence 
or divergence. The most common examples 
of the first are mid-ocean ridges where the 
divergence is distributed over a plate 
boundary zone, which can be as narrow as 8 
to 20 km wide at fast spreading centers or as 
wide as to -60 km at slow spreading cen- 
ters. Most of the divergence, however, is 
presumably concentrated in the neovolca- 
nic zone (the area straddling the spreading 
axis in which most of the recent and ongo- 
ing surficial volcanism occurs), which is 
typically 1 to 3 km wide (10). The most 
common examples of the second are deep 
sea trenches where oceanic lithosphere of 
one plate is subducted beneath another 
plate. A line of volcanoes on the overriding 
plate marks the surface arc below which the 
subducting plate reaches a depth of -100 
km. Permanent deformation associated 
with trench plate boundaries is in many 
regions distributed within the overriding 
plate for hundreds of kilometers, but most 
of the motion is likely taken up along a 
single thrust fault zone, which may be only 
a few kilometers or less thick. The third 
type of plate boundary occurs in almost 
every case as a submarine transform fault, 
which with few exceptions offsets two mid- 
ocean ridge segments. Transform faults are 
vertical faults along which horizontal slip 
occurs parallel to the direction of relative 
plate motion. Continental transform faults 
are rarer and much further from the geo- 
metrical ideal than are submarine faults. 
Seafloor-imaging studies using multi-beam 
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Distributed	  deformaKon	  	  
and	  diffuse	  seismicity	  

Key	  quesKons:	  

•  What	  are	  the	  driving	  mechanisms?	  

•  Does	  deformaKon	  localize?	  (Where	  do	  earthquakes	  happen?)	  



Improved	  seismic	  network	  coverage	  
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Earthquakes in western Iberia 131

Figure 2. Evolution of the Portuguese seismic network and earthquake catalogue: 1961–1995 (first column), 1996–2008 (second column) and 2009–2013
(third column). Between 1961 and 1969, only three stations operated in Portugal (a, grey triangles). After the occurrence of an MS7.9 earthquake in 1969, the
national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles).
In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations
were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely
covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was
complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961–1995, (e) 1996–2008
and (f) 2009–2013. Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves.
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Earthquakes in western Iberia 131

Figure 2. Evolution of the Portuguese seismic network and earthquake catalogue: 1961–1995 (first column), 1996–2008 (second column) and 2009–2013
(third column). Between 1961 and 1969, only three stations operated in Portugal (a, grey triangles). After the occurrence of an MS7.9 earthquake in 1969, the
national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles).
In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations
were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely
covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was
complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961–1995, (e) 1996–2008
and (f) 2009–2013. Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves.
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134 S. Custódio et al.

Figure 5. Characteristics of the Portuguese instrumental seismic catalogue (1961–2013). (a) Completeness magnitude versus time (thick line), estimated
based on the deviation of the frequency–magnitude distribution from a power law (Wiemer & Wyss 2000). The dash-dotted lines show the uncertainty of the
completeness magnitude estimation. (b) Cumulative number of earthquakes in the catalogue versus time. (c) Histogram showing the number of recorded events
versus magnitude. (d) Frequency–magnitude distribution, showing the cumulative (squares) and absolute (triangles) number of recorded earthquakes versus
magnitude. The fit to a power law (red line) and the estimated completeness magnitude (Mc) for the whole period are also shown. The green lines in subplots
(a) and (b) show abrupt changes in the catalogue characteristics.

Table 1. Evolution of the Portuguese earthquake catalogue.

1961–1995 1996–2008 2009–2013

Time span 35 yr 13 yr 5 yr
Number of earthquakes 2154 6630 6096
Completeness magnitude >2.5 1.5–2.5 <1.5

law, depicting the number of recorded earthquakes (both abso-
lute and cumulative) versus magnitude. Notably, in the most recent
time interval (2009–2013), the rate of recorded earthquakes is ex-
tremely stable (Supporting Information Fig. S2h). Supporting Infor-
mation Fig. S2 indicates that the increase in the number of recorded
earthquakes throughout time does not reflect a real increase in the
rate of earthquake occurrence, rather it reflects an improvement in
recording ability, with the detection and location of smaller magni-
tude earthquakes.

During the dense WILAS experiment (2010–2012), inter-station
spacings averaged approximately 60 km (Custódio et al. 2014).
Such dense coverage resulted in a weak seasonal fluctuation of

the completeness magnitude (Fig. 6a). In this period, the complete-
ness magnitude deteriorated during the northern hemisphere winter,
when oceanic noise levels are high in the Portuguese network, and
improved during the northern hemisphere summer, when oceanic
noise levels are lower (Custódio et al. 2014). The minimum com-
pleteness magnitude was recorded in June/July in 2010 and 2011.
In 2012 the minimum completeness magnitude was recorded a few
months in advance, which is probably related to the withdraw of
temporary stations that took place at that time. A daily fluctuation
of the number of recorded earthquakes is also visible after 1996,
with more earthquakes detected during the night (Figs 6b–d), when
less high-frequency seismic noise affects many Portuguese stations
(Custódio et al. 2014). This daily fluctuation disappears if we con-
sider only earthquakes with magnitude larger than 2 (Figs 6e–g) or
earthquakes that occurred before 1996, when Mc > 2.5 (Fig. 6b).
Curiously, for earthquakes recorded after 1996, the completeness
magnitude slightly increases at lunch time, which is likely related to
the higher cultural noise levels recorded during lunch break (Dı́az
et al. 2010).
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Figure 9. Relation between earthquake epicentres and geological and geophysical features of WIberia. Epicentres of earthquakes that occurred in 1996–2008
(blue) and 2009–2013 (red) are overlaid on (a) Topography: the detailed bathymetry of the Gulf of Cadiz (inside grey lines, Zitellini et al. 2009) is overlaid on the
global model SRTM30+ (Smith & Sandwell 1997; Becker et al. 2009); (b) geological map of WIberia, showing the main tectonic units: Galicia-Trás-os-Montes
zone (GTMZ); Central Iberian zone (CIZ); Ossa Morena zone (OMZ); South Portuguese zone (SPZ); Lusitanian basin (LB); Algarve basin (AB); (c) Moho
depth (EPcrust; Molinari & Morelli 2011); (d) map of faults (Cabral 2012; Duarte et al. 2013; Vilanova et al. 2014) (fault names as in Fig. 1); (e) historical
seismicity (SHEEC catalogue; Stucchi et al. 2013); (f) epicentres of earthquakes with M > 3 that occurred between 1996 and 2013 (green dots).

are presumably more accurate than the catalogue locations obtained
from land data only, are generally deviated by !15 km to the SW
with respect to land locations. If we assume that all earthquakes
inside cluster L are in reality shifted to the SW by approximately

15 km, cluster L becomes even closer to the mapped NE end of
the Horseshoe fault. Clusters K, N, M and O are not clearly as-
sociated with geologically mapped structures. However, the 1969
MS7.9 earthquake is located near the NW end of cluster K. OBS
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What	  causes	  these	  clusters	  and	  lineaKons	  	  
of	  epicenters?	  

A	   B	   A	   B	  
C	  

1.	   2.	   3.	  

4.	  Several	  of	  the	  above…	  



2.	  Focal	  mechanisms	  

SKch	  et	  al	  (in	  press)	  



Custódio	  et	  al	  (Tectonophysics	  2016)	  

the former two domains.383

(A)

(B)

(C)

Figure 6: Focal mechanisms in catalog A (Pub1 and GCMT, see Table 3 for details). The focal mech-

anisms were divided according to the style of faulting, with (A) normal (NM) earthquakes plotted in

green, (B) strike-slip (SS) earthquakes plotted in red, and (C) and reverse (RV) earthquakes plotted in

blue.

23

Focal	  mechanisms	  	  from:	  
•  gCMT	  
•  Dedicated	  studies	  

(regional	  waveform	  
modeling)	  



Focal	  mechanism	  clustering	  

Custódio	  et	  al	  (2016)	  

Strike-‐slip	  
Strike-‐slip	  
	  
Reverse	  



3.	  GNSS	  surface	  deformaKon	  

Palano	  et	  al	  (2015)	  
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Fig. 3. GNSS velocities and 95 per cent confidence ellipses in a fixed Eurasian refer-
ence frame (see Supplementary Material for details).

ferences of about 0.5–1 mm/yr) with respect to nearby sites. This 
aspect could be mainly related to the monument instability of the 
station. In particular, a number of the analyzed GNSS networks has 
been developed to support commercial applications, such as map-
ping and cadastral purposes and stations are characterized by a 
wide variety of different monument types. Pillars, or steel masts, 
anchored to buildings represent the largest number, while mon-
uments directly founded on consolidated bedrock are present in 
minor percentage. Hence, the observed geodetic monument insta-
bility is due to varying conditions of the anchoring media (e.g., 
soil, bedrock, building, etc.) coupled with local processes (i.e., soil 
humidity content, water table level changes, bedrock thermal ex-
pansion, etc.).

4. Results

The dense spatial coverage of our geodetic velocities, compris-
ing over 380 stations, allow us to detect for the first time a signifi-
cant large-scale clockwise rotation of the southern (i.e., central and 
western Betics) and the western (i.e., western Portugal) sectors of 
the Iberian Peninsula. In particular, the stations located in central 
and western Betics move toward WSW with rates of !1.1 mm/yr; 
the stations located in SW Iberia moves mainly toward NW with 
rates of !3 mm/yr, while stations located in central and northern 
Portugal move northwards with rates of !1 mm/yr. The spatially 
smooth SW-Iberia clockwise crustal deformation pattern suggests a 
rigid rotating lithosphere block. Therefore, to test such hypothesis, 
we estimated the Euler vector components (latitude and longitude 
of pole, rotation rate) for the Iberian block by using the PEM2 
software (Cannavò and Palano, 2015). We started by solving for 
Iberia’s angular velocity w.r.t. the fixed Eurasian reference frame 
considering a total of 229 GNSS sites distributed over the whole 
Iberian Peninsula with the exclusion of sites located on Baleares 
and south-eastern Betics because their proximity to active faults. 
Then, we estimated recursively the Euler vector components for 
the Iberian block by excluding all the stations rejecting the null 
hypothesis based on the F-ratio criteria (see Appendix A of the 
Supplementary material section and Table S2). A final set of 189 

sites infer a pole (N42.612" , W1.833") that is located closely to the 
northwestern sector of the Pyrenean mountain range and is char-
acterized by a clockwise rotation rate of 0.07 deg/Myr (Fig. 3). No 
significant residuals remain in the pole computation; !80% of the 
189 sites show residuals lower than 0.75 mm/yr, evidencing that 
the estimated pole reasonable describes the observed geodetic ve-
locity field.

Eastern Betics (e.g., Almería–Murcia region) show a deformation 
pattern that strongly differs from the one observed for surround-
ing areas. In particular, geodetic velocities clearly show a NW-to-
NE fan-shaped pattern with rates ranging from !3 mm/yr near 
the coast to !0.8 mm/yr inland (Fig. 3). The Baleares promontory 
shows a motion that is comparable with the one detected by east-
ernmost stations located on Eastern Betics but differs from the one 
observed along the Catalan coastal range (northeastern Iberia) sug-
gesting the possible presence of a distributed shear zone on the 
Valencia trough accounting for a general left-lateral motion (Fig. 3).

Stations located on the southern sector of Betics moves to-
ward SW; this, coupled with the NW motion of stations located in 
eastern Rif clearly, depicts a NNW–SSE to N–S contraction of the 
Alboran Basin. Moreover, the western sector of the Alboran Basin 
seems subject to an E–W elongation due to the westward mo-
tion of stations located on the central sector of the Gibraltar Arc. 
A differential motion of !0.3 mm/yr between the stations located 
externally and internally this area can be recognized, resulting into 
a minor E–W contraction of the arc (Fig. 3).

5. Discussion

In the following we discuss the main findings and their impli-
cations for regional and local deformation processes.

5.1. Large-scale clockwise rotation of the SW and W boundaries of 
Iberian Peninsula

As previously described, stations located in south-western and 
western Iberia show a characteristic and significant pattern of mo-
tion, while stations installed in the remaining part of Iberia lack 
any significant residual motion with respect to stable Eurasia. This 
last feature has been observed in previous GNSS-based studies 
estimating the Euler pole parameter for the Eurasian Plate (e.g., 
Nocquet and Calais, 2003; Altamimi et al., 2012; Palano et al., 
2013), while the large-scale clockwise rotation of southern and 
western Iberia has been never identified due to the limited cov-
erage of GNSS stations on these areas in the past, and eventually 
due to the small magnitude of the crustal deformation.

In the previous section, we reported that stations located along 
southern and western Iberia can be represented with a clockwise 
rotating rigid block model. This large-scale rotation is consistent 
with those detected by paleomagnetic measurements in Neogene 
sedimentary basins located in the central and western Betics (e.g., 
Mattei et al., 2006 and references therein) while is two orders of 
magnitude smaller than those estimated by Meghraoui and Pon-
drelli (2012) along the NW Africa–Iberia plate boundary. However, 
the northern and eastern borders of an Iberian block cannot be 
clearly determined, nor does the current seismicity seem to indi-
cate clear styles of deformation at its edges. Therefore the limits of 
such lithospheric block are not clear, and perhaps not represented 
as sharp fault bounding systems. An hypothesis would be to expect 
that the observed block comprises the whole Iberian Peninsula (as 
a microplate). However, a rotating rigid block model would predict 
significant shortening and left-lateral shear along the Western (off-
shore Lisbon) and pure shortening at the North Iberian margin (up-
lift of the Cantabrian Mountains and North Spain Hercynian Massif 
plateau?). In addition, an Iberian rotating block would require S 
to W motion of NE and Eastern sectors of the Iberian Peninsula 
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Fig. 4. Gray arrows represent smoothed velocities obtained by applying a median 
filter to all stations within 1 ! 1 degree grid. Blue and red dashed lines represent 
small circles around the location of the estimated pole of rotations corresponding to 
the virtual Iberia w.r.t. Eurasia (blue) and Nubia w.r.t. Eurasia (red) poles. Predicted 
GNSS velocity vectors are show for points along the approximate location of the 
plate boundary (blue Iberia–Eurasia virtual pole, and red Nubia–Eurasia pole). Note 
that the azimuth of the small circles, and hence the predicted motions are only 
aligned on a virtual line that crosses central Spain striking N30"E direction, and 
cutting the Nubia–Eurasian plate boundary around the Gulf of Cádiz. However, the 
magnitudes of the blue and red vectors disagree by about 60%. Orange lines show 
a simplified plate boundary. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

(Catalonia, Aragon and Valencia), which currently velocities in this 
section behave consistently with respect to stable Eurasia within 
the error ellipses. This suggests that despite the good agreement 
of the best-fitting model provided by our estimated pole, a rigid 
rotating block with net (fault bounded) limits is unlikely to fully 
explain the deformation process in SW and Western Iberia as a 
whole. Alternatively and or in addition, the lithosphere is likely 
undergoing distributed deformation in some sectors of south and 
western Iberia, and/or unknown off-shore margin structures (e.g., 
Gulf of Cádiz) would be currently accumulating significant inter-
seismic strain.

In Fig. 4 we applied a median filter to all stations within 1 ! 1
degree grid in order to better highlight this pattern (gray vec-
tors). We filter the velocity field by computing the median value 
location of all stations to represent the vector position, and then 
vector magnitudes corresponding to the median values of East–
West and North–South components of the velocity field for all 
stations within a grid cell. Fig. 4 shows a representation of the in-
teraction between the Nubia–Eurasia convergence and the residual 
motion w.r.t. Eurasia of the SW and W stations in Iberia. The dif-
ferent predicted vectors (blue arrows) differ significantly for the 
expected relative convergence motion between Nubia and Eura-
sia plates (red arrows). Moreover, we note that the azimuth of 
small circles around both poles, and hence the predicted motion, 
aligned along a NE–SW striking line crossing central Spain. This 
direction intersects the Nubia–Eurasia plate boundary around the 
Gulf of Cádiz (west of Gibraltar to the Gorringe Bank). However, 
the magnitude of the vector velocities disagrees by about 60%. This 
feature can be interpreted as the result of a significant viscous cou-
pling of the Nubia–Eurasia convergence motion around the Gulf 
of Cádiz plate boundary region. In Fig. 5a and 5b, a SW–NE pro-
file showing perpendicular motion component of stations from 
SW Iberia to NE Spain shows a characteristic decay, which could 
be consistent with models of parallel velocity over wide shear 
strain-rates of continental deformation (e.g., England et al., 1985;
Whitehouse et al., 2005). Such models predict an approximate ex-

ponential decay away from the plate boundary (V y # Voe$x/!), 
with a length scale ! % L/(2"

&
n), where L is the finite length 

of plate boundary and n is an exponent that synthesizes the char-
acteristics of a power-law rheology of the continental lithosphere.

As we estimated previously the only plate boundary segment 
with parallel vectors for the SW Iberia pole and the Nu–Eu pole 
is the Gulf of Cádiz region (Fig. 4). Therefore, we can assume that 
the Gulf of Cádiz is the most important segment imposing parallel 
traction to the plate boundary, and we limit its dimensions from 
the Gibraltar Strait to the Gorringe Bank, with a maximum length 
of 450 km. As seen in Fig. 5a, this model is a first order approxima-
tion consistent with the observed velocity pattern. Exploring the 
parameters of this expression to fit the observed velocities along 
the selected profile, suggest that n is poorly constrained within 
values ranging from n = 1 to n = 10. In general, if n increases the 
model predicts shorter L distances (L ' 100 km). Although, L can 
be numerically small to obtain decay rates consistent with the ob-
served parallel velocities, we favor a longer segment to explain the 
observed velocity decay not only in the analyzed profile but also 
as an explanation for most SW Iberia region. An alternative is to 
consider a box-car boundary condition for the applied tangential 
plate boundary force. Such boundary conditions decrease signifi-
cantly the length scale as ! = L/(4

&
n ) (Whitehouse et al., 2005). 

Consequently, the power-law index needed to fit the observations 
increases to n % 3–5 for reasonable L values (%400–500 km). We 
acknowledge, however, that a wide range of model parameters can 
be chosen to fit the observations (Fig. 5c and 5d).

The main di!culty to constrain the model parameter space is 
the possible interactions with the Alborán block and the lack of ob-
servations near the expected plate boundary at the Gulf of Cádiz, 
e.g., the SWIM structure (Zitellini et al., 2009), in an offshore re-
gion. Indeed, the observations along the profile coincide with the 
length scales for which the exponential decay resembles, within 
the observed errors, a linear decay. As a result, the current obser-
vations still not completely unique to reject rigid block rotations. 
Moreover, it is plausible that both processes coexist to explain 
the observed perpendicular velocity decay (Fig. 5a), with a long-
wavelength linear trend from an inferred Iberian rotation block 
superimposed to the near plate boundary shear drag. Therefore, 
to solve this question future seafloor geodetic observations must 
be considered. In addition, more advanced two-dimensional phys-
ical modeling is currently under development to gain insights of 
the whole pattern of observations of this complex plate boundary. 
Although non-unique, simulations based on reasonable values, as 
shown above, suggest that observations can be partially explained 
using a simple physical model, without invoking undefined litho-
sphere block fault/deformation systems.

5.2. Crustal motion of the Baleares promontory

Another interesting feature well recognized on the dense 
geodetic velocity field is the different motion between the Baleares 
promontory (BalP in Fig. 1) and the Catalan coastal range (NE 
Iberia, CCC in Fig. 1) that suggests the presence of a shear zone on 
the Valencia Trough accounting for a left-lateral motion (Fig. 6). 
Seismic reflection profiles and bathymetric surveys carried out 
across the whole Valencia Trough have highlighted the presence 
of some extensional faults along the Catalan coastal range and 
the northwestern margin of the trough and contraction structures 
along the Baleares promontory (e.g., Perea et al., 2012). Geolog-
ical evidence of Holocene activity on these faults suggests that 
they can accommodate the observed left-lateral motion between 
the Baleares promontory and the Catalan coastal range (Perea et 
al., 2012). Moreover, the observed ENE motion of the Baleares 
promontory seems to be related to the present-day Eastern Bet-
ics deformation process (see Section 5.3), therefore suggesting a 
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Figure 13. Preferred model. (a) Long-term horizontal velocity !eld. (b) predicted long-term fault heave rates (see Table 5).
(c) scalar strain rates. Per construction, these are predicted long-term permanent strain rates (nonelastic), equivalent to the
nonrotational portions of the velocity gradients. Symbols indicate the predicted type and orientation of conjugate
microfaults, with area proportional to strain rates.
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Figure 8: Strain-rate obtained from models (a) GPE and (b) TOTAL. Greatest extensional ( max in white) and contractional ( hmin in black) 700 

horizontal strain rate directions are superimposed on strain rate magnitude. Note that hmin has the same direction as SHmax in Figure 6.  701 
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140 S. Custódio et al.

Figure 9. Relation between earthquake epicentres and geological and geophysical features of WIberia. Epicentres of earthquakes that occurred in 1996–2008
(blue) and 2009–2013 (red) are overlaid on (a) Topography: the detailed bathymetry of the Gulf of Cadiz (inside grey lines, Zitellini et al. 2009) is overlaid on the
global model SRTM30+ (Smith & Sandwell 1997; Becker et al. 2009); (b) geological map of WIberia, showing the main tectonic units: Galicia-Trás-os-Montes
zone (GTMZ); Central Iberian zone (CIZ); Ossa Morena zone (OMZ); South Portuguese zone (SPZ); Lusitanian basin (LB); Algarve basin (AB); (c) Moho
depth (EPcrust; Molinari & Morelli 2011); (d) map of faults (Cabral 2012; Duarte et al. 2013; Vilanova et al. 2014) (fault names as in Fig. 1); (e) historical
seismicity (SHEEC catalogue; Stucchi et al. 2013); (f) epicentres of earthquakes with M > 3 that occurred between 1996 and 2013 (green dots).

are presumably more accurate than the catalogue locations obtained
from land data only, are generally deviated by !15 km to the SW
with respect to land locations. If we assume that all earthquakes
inside cluster L are in reality shifted to the SW by approximately

15 km, cluster L becomes even closer to the mapped NE end of
the Horseshoe fault. Clusters K, N, M and O are not clearly as-
sociated with geologically mapped structures. However, the 1969
MS7.9 earthquake is located near the NW end of cluster K. OBS
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138 S. Custódio et al.

Figure 8. (a) Number of earthquake epicentres and (b) cumulative seismic moment, based on earthquakes that occurred between 2009 and 2013. Lineations
and clusters of epicentres are visible both onshore and offshore. (c) Epicentres of earthquakes recorded in 2009–2013 (red) overlaid on top of earthquakes that
occurred in 1995–2008 (blue). (d) Clusters and lineations of epicentres, labelled A through P, were identified from the analysis of maps a–c. Both the density
of epicentres and the cumulative seismic moment present sharp boundaries, identified as AA! and BB!–CC!.

 by guest on Septem
ber 4, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from
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Figure 4. (a) Earthquake locations and focal mechanisms obtained using the DOCTAR array data (blue

triangles). Shown epicenters were obtained using the PRISM3D model. Earthquakes well located, i.e. events

belonging to classes A and B, are color-coded according to focal depth. Earthquakes in class C are shown as

gray dots. Major and minor rivers are shown as blue lines. Neotectonic faults are also shown [Cabral, 2012].

Dashed contours mark the Arraiolos Seismic Zone (ASZ) and the Évora Seismic Zone (ESZ). Gray beachballs

display regional focal mechanism solutions [Custódio et al., 2016]. Green beachballs are events whose focal

mechanisms were calculated in this study and are numbered according to the event ID (see Table 1) Beach-

balls are scaled according to Mw . In order to facilitate the visualization, green beach-balls are scaled to 120%

of its Mw . (b) Fit between observed (black) and synthetic (red) displacement waveforms for event number 5.

Note that the signal that is modeled consists essentially of S-waves. We used stations in the epicentral distance

range of 2-13 km (blue numbers). The EW component of L005 station was removed from inversion due to

instrumental disturbances. The global variance reduction for this inversion is 0.53.
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Figure 7. Proposed right-lateral strike-slip fault system in the Arraiolos seismic zone (ASZ), encompassing

3 segments. Green dashed lines represent the main fault segments, between which a restraining bend exists

(see purple shaded area). Maximum horizontal compressive stress (Shmax) from the world stress map 2016

[Heidbach et al., 2016]

605

606

607

608

ularly intense at upper to mid crustal depths (0-15 km). Segment 2 shows little seis-598

micity, which could mean that this segment is currently locked or not yet fully devel-599

oped. Segment 3 produces abundant lower crustal earthquakes (> 15 km). All three600

segments have similar azimuths of ∼ N65◦W, favorably oriented with respect to the601

regional maximum horizontal compressive stress SHmax ∼ N30◦W [Heidbach et al.,602

2016]. A detailed geomorphological study of the region should be carried out in order603

to clarify surface deformation.604

• The ASZ marks the separation between two crustal blocks in the WOMZ. The609

ASZ seems to mark a boundary between two small crustal blocks within the OMZ.610

This hypothesis is supported by active seismic source experiments, which suggest the611

existence of two distinct zones within the Ossa Morena Zone [Matias, 1996] and by612

the sharp transition between negative and positive tomographic anomalies at depths613

of 5 to 25 km [Silveira et al., 2016]. These observations suggest that the fast south-614

ernmost block is composed of strong material, with a brittle behavior down to larger615

depths. Molnar and Dayem [2010] suggested that large intracontinental strike-slip616

faults tend to form adjacent to sharp discontinuities in lithospheric strength, which617

could be an interesting hypothesis to test at the scale of small crustal blocks.618
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Figure 6. GNSS velocities [Palano et al., 2015] and S-wave velocity perturbations [Silveira et al., 2016].

(a) GNSS velocities are divided into three groups: north of the ASZ (red), south of the ASZ (blue) and others

(gray). The top inset shows blue and red velocity vectors, evidencing the difference in direction and amplitude

between ground velocities north and south of the ASZ. (b) S-wave velocity at a depth of 25 km inferred from

ambient noise tomography. The S-wave velocity perturbation is shown in percentage relative to the average

velocity of 3.91 km/s at 25 km. Red thick lines mark the vertical S-wave profiles presented in (c); dashed

lines delimit the areas containing the earthquakes shown in (c). Gray dots are the epicenters of earthquakes

recorded in the period 1969-2016 and black dots are those from the DOCTAR catalog. (c) Magnetic [Miranda

et al., 1989] and gravity [Sandwell et al., 2014] anomalies along the selected cross-sections are shown in red

and blue, respectively.
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Conclusions	  

•  Iberia	  has	  been	  very	  well	  covered	  by	  seismic	  and	  GNSS	  instruments	  
in	  the	  past	  years.	  

•  Seismic	  data	  shows	  that	  seismic	  deformaKon	  localizes	  along	  well-‐
defined	  clusters	  of	  earthquakes.	  A	  good	  correspondence	  is	  found	  
for	  dominant	  focal	  mechanisms	  and	  earthquake	  lineaments.	  

•  GNSS	  data	  shows	  that	  Iberia	  is	  currently	  rotaKng	  with	  respect	  to	  
Eurasia,	  with	  some	  internal	  deformaKon.	  

•  Driving	  mechanisms	  include	  Ib-‐Af	  convergence,	  slab	  rollback	  and	  
GPE.	  

•  Future	  work	  should	  address	  the	  characterizaKon	  of	  the	  fault	  
network,	  as	  well	  as	  lateral	  and	  verKcal	  variaKons	  in	  rheology.	  
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Summary	  

1.  Earthquakes	  in	  Western	  Iberia	  are	  not	  disperse,	  rather	  they	  collapse	  into	  
clusters	  and	  lineaKons.	  

	  

2.  Dense	  deployments	  allow	  us	  to	  idenKfy	  clusters	  and	  lineaKons	  of	  
earthquakes	  even	  in	  regions	  of	  slow	  lithospheric	  deformaKon.	  

3.  We	  developed	  clustering	  algorithms	  that	  allow	  the	  extracKon	  of	  
consistent	  (typical)	  faulKng	  mechanisms	  even	  in	  region	  of	  complex	  
seismicity.	  

Dense	  networks	  and	  the	  study	  of	  small	  magnitude	  earthquakes	  
open	  a	  new	  window	  into	  the	  characterizaKon	  and	  monitoring	  of	  

regions	  of	  slow	  lithospheric	  deformaKon.	  





QuesKons?	  Comments?	  SuggesKons?	  
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Earthquakes in western Iberia 135

Figure 6. Seasonal and daily fluctuations of the number of recorded earthquakes. (a) Zoom of Fig. 5(a), showing the completeness magnitude versus time
between 2009 and 2013. During the time frame of the dense WILAS deployment (mid-2010 to mid-2012), the completeness magnitude slightly drops during
the northern hemisphere summer and increases during the northern hemisphere winter, probably in consequence of the higher levels of oceanic microseismic
noise recorded during the winter (Custódio et al. 2014). Subplots (b–d) show the number of earthquakes in the catalogue versus hour of day (UTC), for each of
the three considered periods: 1961–1995 (b), 1996–2008 (c) and 2009–2013 (d). The number of detected earthquakes clearly decreases during daytime in the
second and third periods (1996–2013). This trend disappears if we only take into account earthquakes with magnitudes greater than 2 (e–g), suggesting that
the relatively low number of earthquakes recorded in the most recent periods during daytime results from the high amplitude of high-frequency anthropogenic
noise (Custódio et al. 2014).

In order to image the geographical distribution of earthquake lo-
cations errors, we computed average areas of 90 per cent confidence
ellipses, average azimuthal gap and average RMS on 0.5! " 0.5!

grid cells (Fig. 7). Figs 7(a)–(c) show that 90 per cent confidence
ellipses are larger offshore than onshore, and also that confidence

ellipses generally decreased as the network evolved (as already
shown by Supporting Information Fig. S1e), particularly onshore.
Figs 7(d)–(f) show the average azimuthal gap for earthquakes that
occur inside each 0.5! " 0.5! grid cell. As expected, the azimuthal
gap diminishes progressively from offshore to onshore regions. The
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Why	  do	  clusters/lineaKons	  not	  match	  geol.	  mapped	  faults?	  
What	  are	  these	  clusters	  and	  lineaKons?	  

1.  Small	  earthquakes	  mark	  rheological	  boundaries,	  which	  generate	  microseismicity	  due	  to	  stresses	  
accumulated	  at	  the	  boundaries	  between	  blocks	  of	  different	  mechanical	  properKes.	  However,	  these	  
boundaries	  do	  not	  correspond	  to	  acKve	  seismogenic	  faults	  in	  the	  sense	  that	  they	  do	  not	  accumulate	  
significant	  slip.	  

2.  Small	  earthquakes	  occur	  inside	  blocks	  that	  are	  more	  brigle	  than	  neighbour	  blocks,	  and	  therefore	  break	  
more	  easily,	  accommodaKng	  distributed	  deformaKon	  by	  slip	  on	  small	  new	  fractures.	  

3.  Geologically	  mapped	  faults	  are	  currently	  locked	  or	  slip	  aseismically,	  thus	  not	  generaKng	  small	  magnitude	  
earthquakes.	  Because	  the	  geodeKc	  rates	  are	  low,	  no	  signal	  is	  detected	  by	  GNSS	  data.	  

4.  Geologically	  mapped	  faults	  were	  acKve	  in	  the	  recent	  geological	  past	  leaving	  a	  clear	  geomorphological	  
signature	  but	  are	  not	  acKve	  at	  present	  anymore.	  

5.  Faults	  geologically	  mapped	  at	  the	  surface	  are	  the	  expression	  of	  faults	  with	  different	  geometries	  at	  depth.	  

6.  Small	  earthquakes	  mark	  the	  terminaKons	  or	  other	  geometrical	  or	  fricKonal	  heterogeneiKes	  of	  acKve	  
faults.	  

7.  All	  or	  several	  of	  the	  above.	  



Custódio	  et	  al	  (submiged)	  

Catalog	  C	  (A)

(B)

(C)

Figure S3: Focal mechanisms in catalog C (see Table 3 for details). The focal mechanisms were divided

according to the style of faulting, with (A) normal (NM) earthquakes plotted in green, (B) strike-slip

(SS) earthquakes plotted in red, and (C) and reverse (RV) earthquakes plotted in blue.
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(A)

(B)

(C)

Figure S2: Focal mechanisms in catalog B (see Table 3 for details). The focal mechanisms were divided

according to the style of faulting, with (A) normal (NM) earthquakes plotted in green, (B) strike-slip

(SS) earthquakes plotted in red, and (C) and reverse (RV) earthquakes plotted in blue.
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Custódio	  et	  al	  (submiged)	  
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Focal	  mechanism	  clustering	  

P	  =	  σ1	  	  
maximum	  principal	  stress	  (most	  compressive,	  pressure)	  
	  
B	  =	  σ2	  	  	  (neutral)	  
	  
T	  =	  σ3	  	  
minimum	  principal	  stress	  (least	  compressive,	  tension)	  



Focal	  mechanism	  clustering	  
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the former two domains.383

(A)

(B)

(C)

Figure 6: Focal mechanisms in catalog A (Pub1 and GCMT, see Table 3 for details). The focal mech-

anisms were divided according to the style of faulting, with (A) normal (NM) earthquakes plotted in

green, (B) strike-slip (SS) earthquakes plotted in red, and (C) and reverse (RV) earthquakes plotted in

blue.
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•  Low	  rates	  of	  
earthquake	  occurrence	  

•  Limited	  network	  
geometry	  

•  Poorly	  known	  velocity	  
structure	  
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MaKas	  (pers.	  comm.),	  Geissler	  et	  al	  (GRL	  2010)	  
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Figure 5. Characteristics of the Portuguese instrumental seismic catalogue (1961–2013). (a) Completeness magnitude versus time (thick line), estimated
based on the deviation of the frequency–magnitude distribution from a power law (Wiemer & Wyss 2000). The dash-dotted lines show the uncertainty of the
completeness magnitude estimation. (b) Cumulative number of earthquakes in the catalogue versus time. (c) Histogram showing the number of recorded events
versus magnitude. (d) Frequency–magnitude distribution, showing the cumulative (squares) and absolute (triangles) number of recorded earthquakes versus
magnitude. The fit to a power law (red line) and the estimated completeness magnitude (Mc) for the whole period are also shown. The green lines in subplots
(a) and (b) show abrupt changes in the catalogue characteristics.

Table 1. Evolution of the Portuguese earthquake catalogue.

1961–1995 1996–2008 2009–2013

Time span 35 yr 13 yr 5 yr
Number of earthquakes 2154 6630 6096
Completeness magnitude >2.5 1.5–2.5 <1.5

law, depicting the number of recorded earthquakes (both abso-
lute and cumulative) versus magnitude. Notably, in the most recent
time interval (2009–2013), the rate of recorded earthquakes is ex-
tremely stable (Supporting Information Fig. S2h). Supporting Infor-
mation Fig. S2 indicates that the increase in the number of recorded
earthquakes throughout time does not reflect a real increase in the
rate of earthquake occurrence, rather it reflects an improvement in
recording ability, with the detection and location of smaller magni-
tude earthquakes.

During the dense WILAS experiment (2010–2012), inter-station
spacings averaged approximately 60 km (Custódio et al. 2014).
Such dense coverage resulted in a weak seasonal fluctuation of

the completeness magnitude (Fig. 6a). In this period, the complete-
ness magnitude deteriorated during the northern hemisphere winter,
when oceanic noise levels are high in the Portuguese network, and
improved during the northern hemisphere summer, when oceanic
noise levels are lower (Custódio et al. 2014). The minimum com-
pleteness magnitude was recorded in June/July in 2010 and 2011.
In 2012 the minimum completeness magnitude was recorded a few
months in advance, which is probably related to the withdraw of
temporary stations that took place at that time. A daily fluctuation
of the number of recorded earthquakes is also visible after 1996,
with more earthquakes detected during the night (Figs 6b–d), when
less high-frequency seismic noise affects many Portuguese stations
(Custódio et al. 2014). This daily fluctuation disappears if we con-
sider only earthquakes with magnitude larger than 2 (Figs 6e–g) or
earthquakes that occurred before 1996, when Mc > 2.5 (Fig. 6b).
Curiously, for earthquakes recorded after 1996, the completeness
magnitude slightly increases at lunch time, which is likely related to
the higher cultural noise levels recorded during lunch break (Dı́az
et al. 2010).
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(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

(M) (N)

Figure 5: Histograms showing the magnitude distribution in each catalog/set of publications used to

build the focal mechanism and hypocenter databases: (A) Pub1, (B) GCMT, (C) Pub2, (D) EMSC-

QMT, (E) ISC-fm, (F) IGN-fm, (G) EMMA, (H) Pub3, (I) EHB, (J) ISC-GEM, (K) IPMA, (L) IGN,

(M) ISC-prime, (N) USGS-NEIC (see Tables 3 and 5 for details on the catalogs and sets of publications).

Local catalogs are typically dominated by low magnitude events, while global catalogs contain mostly

moderate to high magnitude earthquakes. Hypocenter catalogs contain many more events than focal

mechanism catalogs.

aggregated into three groups: Pub1, Pub2 and Pub3 (Table 4). Pub1 contains the so-270

lutions obtained from non real-time regional waveform moment tensor inversions based271

on broadband seismic data. Pub2 contains both solutions derived from non-real-time272

teleseismic waveform modelling and from first motion polarities based on recent dense273

broadband deployments. Pub2 also contains the solutions recently compiled and revised274

by Bezzeghoud et al. (2012) based on previously published focal mechanisms (Bezzeghoud275

and Buforn, 1999; Borges et al., 2001; Buforn et al., 2004; Borges et al., 2007). Pub3276

contains all other solutions, including those inferred from first motion polarities, compila-277

tions of results published in the literature and solutions published in original articles but278
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Figure 9. Relation between earthquake epicentres and geological and geophysical features of WIberia. Epicentres of earthquakes that occurred in 1996–2008
(blue) and 2009–2013 (red) are overlaid on (a) Topography: the detailed bathymetry of the Gulf of Cadiz (inside grey lines, Zitellini et al. 2009) is overlaid on the
global model SRTM30+ (Smith & Sandwell 1997; Becker et al. 2009); (b) geological map of WIberia, showing the main tectonic units: Galicia-Trás-os-Montes
zone (GTMZ); Central Iberian zone (CIZ); Ossa Morena zone (OMZ); South Portuguese zone (SPZ); Lusitanian basin (LB); Algarve basin (AB); (c) Moho
depth (EPcrust; Molinari & Morelli 2011); (d) map of faults (Cabral 2012; Duarte et al. 2013; Vilanova et al. 2014) (fault names as in Fig. 1); (e) historical
seismicity (SHEEC catalogue; Stucchi et al. 2013); (f) epicentres of earthquakes with M > 3 that occurred between 1996 and 2013 (green dots).

are presumably more accurate than the catalogue locations obtained
from land data only, are generally deviated by !15 km to the SW
with respect to land locations. If we assume that all earthquakes
inside cluster L are in reality shifted to the SW by approximately

15 km, cluster L becomes even closer to the mapped NE end of
the Horseshoe fault. Clusters K, N, M and O are not clearly as-
sociated with geologically mapped structures. However, the 1969
MS7.9 earthquake is located near the NW end of cluster K. OBS
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Figure 8. (a) Number of earthquake epicentres and (b) cumulative seismic moment, based on earthquakes that occurred between 2009 and 2013. Lineations
and clusters of epicentres are visible both onshore and offshore. (c) Epicentres of earthquakes recorded in 2009–2013 (red) overlaid on top of earthquakes that
occurred in 1995–2008 (blue). (d) Clusters and lineations of epicentres, labelled A through P, were identified from the analysis of maps a–c. Both the density
of epicentres and the cumulative seismic moment present sharp boundaries, identified as AA! and BB!–CC!.
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Figure 5. Characteristics of the Portuguese instrumental seismic catalogue (1961–2013). (a) Completeness magnitude versus time (thick line), estimated
based on the deviation of the frequency–magnitude distribution from a power law (Wiemer & Wyss 2000). The dash-dotted lines show the uncertainty of the
completeness magnitude estimation. (b) Cumulative number of earthquakes in the catalogue versus time. (c) Histogram showing the number of recorded events
versus magnitude. (d) Frequency–magnitude distribution, showing the cumulative (squares) and absolute (triangles) number of recorded earthquakes versus
magnitude. The fit to a power law (red line) and the estimated completeness magnitude (Mc) for the whole period are also shown. The green lines in subplots
(a) and (b) show abrupt changes in the catalogue characteristics.

Table 1. Evolution of the Portuguese earthquake catalogue.

1961–1995 1996–2008 2009–2013

Time span 35 yr 13 yr 5 yr
Number of earthquakes 2154 6630 6096
Completeness magnitude >2.5 1.5–2.5 <1.5

law, depicting the number of recorded earthquakes (both abso-
lute and cumulative) versus magnitude. Notably, in the most recent
time interval (2009–2013), the rate of recorded earthquakes is ex-
tremely stable (Supporting Information Fig. S2h). Supporting Infor-
mation Fig. S2 indicates that the increase in the number of recorded
earthquakes throughout time does not reflect a real increase in the
rate of earthquake occurrence, rather it reflects an improvement in
recording ability, with the detection and location of smaller magni-
tude earthquakes.

During the dense WILAS experiment (2010–2012), inter-station
spacings averaged approximately 60 km (Custódio et al. 2014).
Such dense coverage resulted in a weak seasonal fluctuation of

the completeness magnitude (Fig. 6a). In this period, the complete-
ness magnitude deteriorated during the northern hemisphere winter,
when oceanic noise levels are high in the Portuguese network, and
improved during the northern hemisphere summer, when oceanic
noise levels are lower (Custódio et al. 2014). The minimum com-
pleteness magnitude was recorded in June/July in 2010 and 2011.
In 2012 the minimum completeness magnitude was recorded a few
months in advance, which is probably related to the withdraw of
temporary stations that took place at that time. A daily fluctuation
of the number of recorded earthquakes is also visible after 1996,
with more earthquakes detected during the night (Figs 6b–d), when
less high-frequency seismic noise affects many Portuguese stations
(Custódio et al. 2014). This daily fluctuation disappears if we con-
sider only earthquakes with magnitude larger than 2 (Figs 6e–g) or
earthquakes that occurred before 1996, when Mc > 2.5 (Fig. 6b).
Curiously, for earthquakes recorded after 1996, the completeness
magnitude slightly increases at lunch time, which is likely related to
the higher cultural noise levels recorded during lunch break (Dı́az
et al. 2010).
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The	  Iberia-‐Nubia	  plate	  boundary	  

Grimison	  and	  Chen	  (1986)	  

Grimison and Chen: Azores-Gibraltar Plate Boundary 2045 
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Fig. 12. A sketch map illustrating the present-day deformation along the 
Azores-Gibraltar plate boundary, where southwesterly extension is taking place near the • 
Azores Islands and a regional stress field with north-northwest-south-southeast 
compression occurs near Gibraltar. The stipled area indicates the diffused zone of 
ocean-ocean convergence. Notice that the zone of ocean-ocean convergence is almost 
entirely outside of the small circle centered at the RM2 pole (at 25.23øN, -21.19øE) of 
Minster and Jordan [1978] and passing through the Gloria fault. 

circle centered •L L--U m-•z pole of Minster and 
Jordan [1978] and passing through the point where 
the direction of the local tangent was measured 
on the Gloria fault by Laughton et al. [1975]. 
In other words, this is an artificial transform 
fault with right-lateral displacement defined by 
the RM2 pole and slip rate. Almost all of the 
earthquakes and most of the bathymetric 
expression of the East Azores fracture zone 
(including the Gloria fault itself) fall outside 
of this small circle. Apparently, except for 
those events associated with the Azores spreading 
center, all significant oceanic events from the 
past 20 years along this plate boundary can be 
interpreted as part of a broad zone of slow 
ocean-ocean convergence. The diffuse nature of 
the deformation associated with such convergence 
is likely to be a consequence of the similarity 
in thermal and mechanical properties of the 
lithosphere across the plate boundary such that 
neither side is preferentially subducted. 

Some of the earthquakes in this deformed 
region reach a depth of 40 to 50 km corresponding 
to the position of the limiting temperature 
(•600øC) for seismicity in mantle materials 
observed in other oceanic regions away from 
Benioff zones [Chen and Molnar, 1983; Wiens and 
Stein, 1983]. One of these unusually deep events 
is an aftershock of the large earthquake of 
February 28, 1969. Apparently the source region 
of such a large event extends down through the 
entire mechanical lithosphere. 

In contrast, the continental collision belt 

the present-day p•aL• motions. This suggests 
that the uppermost mantle beneath southern Spain 
is decoupled from the upper part of the 
lithosphere. Finally, the seismicity around 600 
km depth is unlikely to be due to the presence of 
a continuous slab of oceanic lithosphere 
extending from shallow depth to over 600 km and 
we interpret the source region of these events as 
a piece of detached lithosphere which sank to its 
present position during the recent phase of plate 
convergence. 
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Ambient Noise Recorded by a Dense Broadband Seismic

Deployment in Western Iberia

by Susana Custódio,* Nuno A. Dias, Bento Caldeira, Fernando Carrilho, Sara
Carvalho, Carlos Corela, Jordi Díaz, João Narciso, Guilherme Madureira,

Luis Matias, Christian Haberland, and WILAS Team

Abstract The West Iberia Lithosphere and Asthenosphere Structure (WILAS)
project densely covered Portugal with broadband seismic stations for 2 yrs. Here
we provide an overview of the deployment, and we characterize the network ambient
noise and its sources. After explaining quality control, which includes the assessment
of sensor orientation, we characterize the background noise in the short-period (SP),
microseismic, and long-period (LP) bands. We observe daily variations of SP noise
associated with anthropogenic activity. Temporary and permanent stations present
very similar noise levels at all periods, except at horizontal LPs, where temporary
stations record higher noise levels. We find that median noise levels are extremely
homogeneous across the network in the microseismic band (3–20 s) but vary widely
outside this range. The amplitudes of microseismic noise display a strong seasonal
variation. The seasonality is dominated by very-long-period double-frequency
microseisms (8 s), probably associated with winter storms. Stacks of ambient noise
amplitudes show that some microseismic noise peaks are visible across the whole
ground-motion spectrum, from 0.3 to 100 s. Periods of increased microseismic am-
plitudes generally correlate with ocean conditions offshore of Portugal. Some seismic
records display an interesting 12 hr cycle of LP (100-s) noise, which might be related
to atmospheric tides. Finally, we use plots of power spectral density versus time to
monitor changes in LP instrumental response. The method allows the identification of
the exact times at which LP response changes occur, which is required to improve the
understanding of this instrumental artifact and to eventually correct data.

Online Material: Figures and movie illustrating the variation of seismic noise
amplitudes with sensor type, time, and soil type.

Introduction

Portugal is located on the southwestern tip of the Euro-
pean continent, next to the boundary between the African
and Eurasian plates. In this region, oblique convergence be-
tween the two plates occurs at a slow rate of 4:5–6 mm=yr
(Fernandes et al., 2003; Serpelloni et al., 2007). The area
marks the transition between convergence to the east, in the
Mediterranean, and strike slip to the west, in the Atlantic.
Although Portugal has been repeatedly affected by onshore
and offshore moderate-to-large earthquakes (Fukao, 1973;
Johnston, 1996; Stich et al., 2005; Vilanova and Fonseca,
2007; Fonseca and Vilanova, 2010; Teves-Costa and Batlló,
2011), active seismogenic structures remain poorly under-

stood. The interaction between Nubia and Iberia is thought
to create a broad area of deformation, which in turn results in
a pattern of diffuse seismicity (Buforn et al., 1995; Borges
et al., 2001; Cunha et al., 2012; Bezzeghoud et al., 2014). A
proper understanding of how large earthquakes are generated
in such slowly deforming environment is lacking.

The dominant geologic feature of western Iberia is the
central Iberian massif (CIM), a block of Variscan origin (Dias
and Ribeiro, 1995; Simancas et al., 2001, 2003; Onézime
et al., 2003; García-Navarro and Fernández, 2004). The
Iberian massif is bordered to the west and to the south by the
Ceno-Mesozoic Lusitanian and Algarve basins, respectively,
both associated with rifting of the Atlantic (e.g., Cloetingh
et al., 2002; Casas-Sainz and de Vicente, 2009). In mainland
Portugal, the CIM is partially covered by the Douro, Tagus,

*Also at Centro de Geofísica, Universidade de Coimbra, 3040-004 Coim-
bra, Portugal.
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Clusters	  and	  lineaKons	  of	  earthquakes	  
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Figure 8. (a) Number of earthquake epicentres and (b) cumulative seismic moment, based on earthquakes that occurred between 2009 and 2013. Lineations
and clusters of epicentres are visible both onshore and offshore. (c) Epicentres of earthquakes recorded in 2009–2013 (red) overlaid on top of earthquakes that
occurred in 1995–2008 (blue). (d) Clusters and lineations of epicentres, labelled A through P, were identified from the analysis of maps a–c. Both the density
of epicentres and the cumulative seismic moment present sharp boundaries, identified as AA! and BB!–CC!.
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We	  retrieve:	  
	  
1.  Typical	  focal	  

mechanism	  
(idenKficaKon	  of	  
persistent	  
faulKng	  styles	  
within	  a	  cluster)	  

2.  Variability	  of	  
focal	  
mechanisms	  
inside	  a	  cluster	  
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Persistent	  features	  in	  all	  
catalogs:	  
	  
1.  Extension	  in	  the	  Azores	  

triple	  juncKon.	  
2.  NW-‐SE	  compression	  in	  

Iberia.	  

Custódio	  et	  al	  (Tectonophysics	  2016)	  
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The	  Iberia-‐Nubia	  plate	  boundary	  zone	  
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Diffuse	  seismicity	  

Vilanova	  et	  al,	  BSSA	  2014	  

having a maximum displacement of 1 mm on simulated
Wood–Anderson seismograph at a distance of 100 km from
the epicenter) when possible. If not, they use ML equivalent
values based on correlations with either duration or other
magnitude scales. Figure 4 presents the catalog completeness
analysis performed with the Stepp (1972) methodology,
which is based on the assumption that the earthquake distri-
bution is Poissonian. Under this premise the process is fully
described by the mean occurrence rate !, the variance of
which is given by "2 ! !=!T (!T is the observational
period). The completeness interval is estimated by visually
identifying on a log–log plot the departure of the data’s "

from the expected slope, with increasing observational peri-
ods. The catalog completeness analysis indicates the catalog
is complete for ML !3:0 for the period 1986–2011. For
lower magnitude thresholds, the completeness period is very
short (less than a decade), whereas for ML !4:0, the catalog
is complete for its full duration (1961–2011).

A comparison of the seismicity patterns during the peri-
ods 1986–2011 (Fig. 3a) and 1961–1985 (Fig. 3b) shows that
(1) the diffuse plate boundary is broadly defined by seismicity
in both periods and with both magnitude thresholds; (2) the
seismicity of the plate interior is persistent for the two
periods in some regions (e.g., Lusitanian basin), but seems
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Figure 3. Instrumental seismicity catalog (Carrilho et al., 2004, updated according to IPMA, unpublished report, 2012; see Data and
Resources), plotted for two consecutive 25-year time periods. Subset A is represented by white circles (outlined in gray for 3 " ML " 4), and
subset B is represented by solid-filled circles. Both subsets are fairly complete above the ML threshold chosen for each period. Subset C
(represented by striped-filled circles) corresponds to the historical seismicity record with Mw !5:5 according to Vilanova and Fonseca
(2007). The seismicity catalog was declustered using the Reasenberg (1985) algorithm. The color version of this figure is available only
in the electronic edition.
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