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Abstract

We expose the results of the study of the south-western Alboran seismic se-
quence of January-March 2016 and the stress perturbations it caused by
means of Coulomb modeling. The use of data from numerous stations al-
lowed us to relocate the largest events (AMw = 3.8) south of those determined
by IGN (Spain). The main shock of 25 January 2016 (Mw = 6.3) was relocated
at 35.6133°N x 3.6888°W, at a hypocentral depth of 15.5 + 6.0 km. The epi-
centers are aligned along two distinct clusters: The first runs N-S towards the
Moroccan coast along Al-Idrissi fracture zone, while the second is centered on
the Alboran ridge northern thrust fault. The focal mechanisms determined by
different agencies correspond to a strike-slip/normal/reverse motion in the
western cluster and thrusting in the eastern one. Coulomb stress change mod-
eling shows that the main earthquake: (1) may have been triggered by stress
accumulation by the 1994 and 2004 earthquakes; (2) has induced stress per-
turbations that provide a suitable explanation for the distribution of the af-
tershock clusters, including the eastern cluster. The prediction of the next
event shows that it is likely to occur near the Moroccan coast.

Keywords
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1. Introduction

From January to March 2016, most of the coastal cities around the Alboran Sea
were shaken by a series of earthquakes which started on 21 January at 13 h 47

min by a Mw = 5.1 event, followed on 25 January at 4 h 22 min by a major
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earthquake of Mw = 6.3. This major event was felt all around the Alboran region
with a maximum intensity of VI-V especially at Melilla, where there were several
damages and, as in Al Hoceima, the inhabitants remained outside their homes
for several days. This event was followed by more than 2000 aftershocks record-
ed in the area 35.0°N - 36.0°N; 3.5°W - 4.5°W, 25 of which reached magnitudes
Mw 2 4.0 until 16 March 2016 according to Instituto Geogrdfico Nacional, Ma-
drid (IGN) (32 according to European-Mediterranean Seismological Centre,
EMSC). The seismic activity was still being recorded during the preparation of
the present manuscript (July 2016), but with much weaker and less frequent
events.

Seismicity in the Alboran area is known to occur at shallow depths (5 - 20
km), mainly along a NNE-SSW trending lineament extending from Almeria to
Al Hoceima [1]. This lineament was later named “Trans-Alboran Shear Zone”
(TASZ) [2], a term that was adopted by all following authors. Along the TASZ,
the largest earthquakes of the instrumental period were the Al Hoceima earth-
quakes of 26 May 1994 and 24 February 2004, the magnitudes of which reached
Mw = 6.0 and Mw = 6.3 respectively. However, the unusual seismic activity of
January-March 2016 arises two main questions: (1) Since the Al Hoceima area
was shaken by a similar event (Mw = 6.3) only 12 years ago, did the 2004 event,
or even the previous 1994 one, trigger this activity given the distance between
the epicentres? (2) why did 25 events considered as aftershocks attain magni-
tudes more than 4, other 5 had magnitudes Mw > 5.0 and one Mw > 6.0 in such
a short interval, a fact that is almost rare in the Alboran area?

In order to understand the causes of the January-March 2016 seismic crisis in
the Alboran area north of Al Hoceima, the seismic sequence and the Coulomb
stress changes (CSC) were studied with the objective to determine how the ma-
jor events did jump in space (and when possible in time), taking into account the
results of a previous study conducted for the large events of 1994 and 2004 [3]
and the numerous recent geological and geophysical studies of the Alboran ba-
sin, which provide a new and more precise knowledge on the relations between
seismicity and tectonics in the area. A similar study on the subject has been pre-
sented recently [4] based on data by Instituto Andaluz de Geofisica (IAG, Gra-
nada, Spain); however, our study, based on a long field experience since 1988,
includes new relocations, new determinations of the stress tensor, the inclusion

of the effects of previous events and more detailed geological and CSC analyses.

2. Geological and Seismological Setting

2.1. Tectonic Context

The Alboran basin (Figure 1), which is the westernmost basin of the Mediterra-
nean Sea, was created during the Early Miocene when the Alboran block or mi-
cro-plate collapsed radially and thinned to 15 km after an orogenic uplift phase
related to the collision of Africa and Iberia, e.g. [5]. The causes and pre-Pliocene
tectonic evolution of the Alboran basin are beyond the scope of this paper and

can be found elsewhere in the very numerous papers published on the subject,
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Figure 1. Main structures of the Alboran area superimposed on NOAA bathymetry and
physiography (http://maps.ngdc.noaa.gov/viewers/bathymetry/). Al: Al-Idrissi fault zone;

stars : main earthquakes of the area. Half-arrows indicate the motion of the fault block on
which they are drawn. Triangles correspond to the hanging walls of reverse faults. The
rectangle extending across the Alboran sea form the Spanish coast to Al Hoceima is the
shear zone suggested by [1].

e.g. [6] [7] [8]. The present-day (or neotectonic) structure, which is the focus of
our interest, was inherited from Pliocene times when the Atlantic waters
re-flooded the basin which was previously affected by the Messinian Salinity
Crisis and associated sea-level fall [9].

Present-day kinematics determined by GPS studies of the area is characterized
by a WNW-ESE convergence of Nubia and Iberia at a rate of 5 mm-yr, e.g.
[10]. However, escape of the Rif to the SW has also been observed [11].

2.2. Main Structural Units

The Alboran area affected by the January-March 2016 earthquakes consists of a
complex mosaic of small structures (Figure 1) which have been studied in detail
during the last decade, e.g. [12] [13] [14]. The main physiographic lows are: the
almost-radial West Alboran basin, the narrow Alboran channel (ENE-WSW),
the South Alboran basin (ENE-WSW) and the eastward-open East Alboran ba-
sin. The most conspicuous highs are the volcanic Alboran Ridge (ENE-WSW)
prolonged by the also volcanic Tofifio bank and the sedimentary Xauen bank [6]
[12] [15] [16], the Algarrobo-Herradura-Djibouti banks off the Spanish margin
[17], the Pytheas-Cabliers-Provengaux banks [12], and the WNW-ESE Yu-

suf-Habibas lineament consisting of a ridge and a scarp [18].

2.3. Main Faults

In addition to previous commercial and academic seismic-reflection surveys, e.g.

[12] [15] [16], the recent use of swath bathymetry and high-resolution seismic
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profiling performed during several oceanographic surveys conducted in the last
decade [8] have led to a highly improved knowledge on the geometry, trend and
surface expression of the faults affecting the Plio-Quaternary formations (Figure
1).

Thus, the most important recent (Plio-Quaternary) faults are those delimiting
in part the Alboran Ridge at both flanks, those oriented ENE-WSW bounding
the Xauen and Tofiflo banks [15] [16], and the WNW-ESE Yusuf ridge and
scarp [8] [18]. Along the Spanish margin, there are conspicuous structures such
as the NE-SW Adra and Serrata-Carboneras faults [17] and smaller structures
described in detail [19], while along the Moroccan margin, some surface expres-
sions of the Bousekkour-Aghbal and Trougout faults were described by [13] [14]
[20].

The NNE-SSW fracture zone south of the central part of the Alboran Basin
was mapped more precisely during the most recent surveys, and was named
Al-Idrissi Fault Zone in the Moroccan margin [12]. This fault zone consists of
numerous almost-vertical normal faults which are relayed to the north by a ma-
jor sinistral strike-slip fault offsetting the western termination of the Alboran
Ridge and the Tofifio bank for about 28 km [12]. The northern continuation of
the TASZ is not as simple as suggested by [1]; for instance, other authors [8] [12]
extend it northwards to the Djibouti bank area, but detailed analysis by [17]
show that it continues in a diffuse manner as linear depressions, and more
northwards by small segments until it reaches the land east of Motril. The rela-
tionship with the NE-SW trending Serrata-Carboneras segment is not obvious as
they are separated from each other by the Adra anticline [17].

Some deep crustal faults have been visualized by means of seismic reflection
[6] [19]. One of these is the Intra Crustal Reflector (ICR) but these planes belong

to the Alboran basement and seem to be inactive for the moment.

2.4. Seismological end Seismotectonic Setting

Seismicity of the Alboran basin was thought to be distributed because of the
continental composition of the basement. However, increase in the earthquake
dataset since the installation and development of the seismological networks of
Spain and Morocco showed that several epicenters are clearly aligned. Two strips
appear to be the most conspicuous: the eastern NNE-SSW alignment, with shal-
low hypocenters (<20 km) [21], belongs to the TASZ and runs from Almeria to
Al Hoceima entering the Rif, whereas the western alignment (N-S), comprising
intermediate-depth hypocenters, runs from Malaga to Jebha [21] [22] (Figure
2). Fault-plane solutions of the earthquakes of the Alboran basin were deter-
mined and/or compiled from international centres (IGN, INGV, EMSC, Har-
vard, NEIC) by numerous authors [21] [22] [23] [24] [25] and show all types of
regimes (strike-slip, normal and reverse), with horizontal NW-SE trending to
vertical pressure axes and horizontal ENE-WSW to vertical tension axes. How-
ever, the largest earthquakes (26 May 1994, 24 February 2004 and 25 January
2016) are strike-slip.
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Figure 2. Seismicity of the Alboran Sea from 1901 until March 31, 2016 (Mw = 3.5). Original file from T.E. Cherkaoui.

The regional state of stress determined from available fault-plane solutions is
a N140-N160 horizontal maximum compressional stress and an ENE-WSW to
vertical minimum compressional stress [26]. Local states of stress may differ
from the regional one because of local effects reflected by Coulomb stress

changes at fault tips [3].

3. The Earthquake Sequence of 2016
3.1. Distribution
Because of the absence of available public seismological data in Morocco, para-

meters of the earthquakes were initially taken from the open-access site of IGN

(http://www.ign.es/ign/layoutIn/sismoFormularioCatalogo.do), which published

the coordinates and the date/time of the events almost one to two hours after
their occurrence (origin time). Due to the large number (2200) of small events
(1.9 < M < 3.5), only those with magnitude A/ > 3.8 IGN were initially selected.
Thirty-two events were relocated using the arrival times to the seismological sta-
tions of Spain, Portugal and Moroccan stations AVE, IFR and MDT. The most
important event (Mw = 6.3; on 25 January 2016 at 04:22:02.48 UTC), which
triggered most subsequent events, was relocated at 35.6133°N x 3.6888°W, at a
hypocentral depth of 15.5 + 6.0 km.

Figure 3 and Table 1 show that temporally, and in conformity with the ob-
servations of [4], the seismic activity started on 21 January in the western termi-
nation of the Alboran ridge with the two main shocks and continued along a
rough N-S trend between latitudes 35.45°N and 35.65°N and longitudes 3.75°W
and 3.85°W. The events of the initial cluster (4.0 < Mw< 6.3) were quite close to
each other, with small map separations; then a jump to the south occurred between

epicenters 5 and 6, where the next events were recorded. On 25 January at 14 h 52
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Figure 3. Seismic sequence of the 2016 Alboran events (M = 4) from 21 January to 16
March.

Table 1. Parameters of major earthquakes recorded by IGN and IMP (Portugal) from 25
January to 31 March 2016 and relocated for this study (map location see Figure 3).

N Date Time Lat. Long.  Depth mbLlg mb Mw Io NS
1 21/01/2016 13:47:20.79  35.6360 -3.7185 9.8 4.9 51 1III 53
2 25/01/2016  04:22:02.48  35.6133  —3.6888 15.5 63 V 55
3 25/01/2016 04:30:55.46  35.4387  —3.7525 16.7 4.0 5.0 Iv. 52

4 25/01/2016  04:34:19.76  35.6690 —3.8163 1.7 4.5 53 49 IV 54
5 25/01/2016  05:19:35.13  35.5892  -3.7082 18.8 3.8 39
6 25/01/2016  05:54:05.41  35.4760 —3.8023 8.5 4.6 52 52 Iv 53
7 25/01/2016  06:10:41.85  35.4527 —3.8037 8.2 4.7 51 V 53
8 25/01/2016  08:25:04.24  35.4675 —3.8002 0.5 4.1 45 44 11 52
9 25/01/2016 14:52:42.56  35.6712  —-3.6400 8.2 4.4 45 48 IV 55
10  25/01/2016 16:02:44.16  35.4593  -3.7067 18.5 3.5 43 39 47
11 25/01/2016 18:17:33.94  35.4895 —-3.7972 15.1 4.0 42 41 1III 49
12 27/01/2016  06:32:09.50  35.6730 —3.6200 21.8 4.7 4.9 IV 56
13 27/01/2016  21:57:48.21 353788 -3.7688 11.5 3.8 42 I 41
14 28/01/2016 19:48:52.14 354358 -3.7960 9.4 3.7 44 40 IV 54
15 22/02/2016  03:46:02.57  35.6622  —3.6030 8.8 4.5 53 51 IV 55

16~ 22/02/2016 ~ 04:14:30.56  35.6013  —3.5773 12.0 3.9 4.7 T 53

<3

K2
40 03? Scientific Research Publishing



F. Medina, T.-E. Cherkaoui

Continued

17 22/02/2016 06:43:03.14 35.6362 -3.5827 114 39 I 50
18 23/02/2016 08:46:01.75 35.6547 -3.5918 158 42 46 43 II 55
19 23/02/2016 10:12:33.23 35.6485 -3.6143 99 41 40 I 54
20 03/03/2016 11:36:26.71 35.4170 -3.7485 121 46 49 47 IV 57
21 09/03/2016 23:46:08.13 35.6477 -3.5942 12.0 45 46 45 II 51
22 11/03/2016 04:16:48.05 35.6818 —-3.6578 1.6 48 48 50 IV 54
23 11/03/2016 04:19:48.58 35.6505 —-3.6330 8.0 4.1 I 55
24 11/03/2016 09:40:19.84 35.6327 -3.6083 12.0 4.2 I 54
25 12/03/2016 15:04:06.12 35.6692 -3.6330 33 49 49 48 IV 55
26 12/03/2016 15:17:12.20 35.6852 —-3.6500 1.9 49 48 48 IV 54

24 13/03/2016 20:54:01.93 35.4072 -3.7775 140 4.0 I 55
28 15/03/2016 04:40:39.73 35.6852 -3.6312 83 52 52 IV 54
29 16/03/2016 16:27:33.98 35.2500 -3.7007 31 42 44 v 52
30 25/03/2016 22:28:47.68 35.5733 -3.5743 214 3.8 T 51
31 02/04/2016 14:48:05.01 35.4083 -3.7190 21.0 3.9 T 39
32 08/04/2016 07:10:07.98 35.3032 -3.7120 262 3.9 50

min, the activity jumped again to an area located 0.1° - 0.2° north-eastwards. The
observed trend of the new cluster was clearly NNW-SSE.

The hypocentral depths of the earthquakes given by IGN and EMSC were
probably fixed for calculating the locations, so that most of them were fixed at 10
km. Only moment tensor solutions provided different values ranging from 3 km
to 24 km. Relocation of the events shows depths ranging from 0.5 km to 26.2
km, with 9 hypocentres between 5 km and 10 km. Anyway, it clearly appears
that the earthquakes are located within the thin crust, in contrast to the deeper
ones which are regularly recorded at ~100 km depth between Malaga and Jebha
[22].

3.2. Total Seismic Moment and Seismic Flux

Given the relatively large number of events with magnitudes M = 4, it appeared
of interest to calculate the released energy and the seismic flux, as previously
done by [10] for the Western Africa-Eurasia plate boundary. The sum of the
seismic moments of the largest events leads to a value of ~37 x 10** dyn-cm. As
the surveyed area is about 1000 km? the seismic flux is about 37 x 10*
dyn-cm-km™ for just 3 months. This value is much greater than that calculated
by [10] from the database taken from several centers. Authors [22] suggested a
value of 1.4 x 10" N-m-yr™' (14x10* dyn-cm-yr™") for the Alboran-northernmost

Rif and South Iberia area, which becomes low when divided by the chosen area.

3.3. Focal Mechanisms

Twenty focal mechanisms determined by moment tensor inversion (Figure 4

and Figure 5; Table 2) were retrieved from IGN. Mechanisms from EMSC in-
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Figure 4. IGN fault-plane solutions for the western cluster for earthquakes of magnitude
M= 3.8 during the Alboran seismic crisis from 21 January to 31 March.

Figure 5. IGN fault-plane solutions for the eastern cluster for earthquakes of magnitude
M 2 3.8 during the Alboran seismic crisis from 21 January to 31 March.
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Table 2. Parameters of moment tensor solutions determined by several seismological
agencies from 25 January to 31 March 2016. IGN data were used for the calculation of the
state of stress.

Date and time Lat. Long. Z M Plane A Plane B Agency
Strike Dip Rake Strike Dip Rake

2016-01-21 13:47:22.0 353 -3.7 14 52 304 69 -177 213 87 -21 INGV
2016-01-21 13:47:20.0 357 -3.7 10 5.0 299 85 153 31 64 6 GFZ
2016-01-21 13:47:00.0 356 -3.8 3 51 298 84 136 34 46 9 IGN
2016-01-25 04:22:07.0 35.7 -3.6 12 6.4 120 72 168 214 78 19 GCMT
2016-01-25 04:22:04.0 35.7 -3.5 15 65 217 81 -1 307 89 -171 CPPT
2016-01-25 04:22:02.0 35.7 -3.7 4 63 112 61 175 204 85 28 USGS
2016-01-25 04:22:02.0 35.7 -3.6 18 6.5 34 73 2 303 88 163 IPGP
2016-01-25 04:22:02.0 356 -3.6 12 63 211 75 10 119 80 165 INGV
2016-01-25 04:22:02.0 35.7 -3.7 15 6.3 122 88 152 213 62 2 GFZ
2016-01-25 04:22:00.0 356 -39 3 63 303 80 140 41 51 13 IGN

2016-01-25 04:34:20.0 357 -3.8 15 4.9 308 87 175 39 85 3 GFZ
2016-01-25 05:54:05.0 355 -3.8 15 5.1 92 76 173 1 84 -13 GFZ
2016-01-25 05:54:00.0 355 -38 9 52 242 61 119 13 40 49 IGN
2016-01-25 06:10:42.0 355 -39 15 49 298 84 164 30 75 6 GFZ
2016-01-25 06:10:00.0 353 -39 3 5.0 19 89 -2 109 88 -179 IGN
2016-01-25 08:25:04.0 355 -38 2 44 203 84 76 88 15 155 IGN
2016-01-25 14:52:41.0 357 -3.7 3 48 288 71 114 54 30 40 IGN
2016-01-2516:02:42.0 355 -3.8 6 39 134 61 -134 16 51 -39 IGN
2016-01-2518:17:32.0 355 -38 4 41 195 81 47 96 44 167 IGN
2016-01-27 06:32:07.0 357 3.7 5 45 241 58 105 35 35 68 IGN
2016-01-27 21:57:00.0 355 -3.8 3 42 23 54 73 231 39 112 IGN
016-01-28 19:48:00.0 355 -39 3 40 197 60 -62 331 40 -129 IGN
2016-01-31 16:25:00.0 366 -3.1 3 45 308 81 -128 207 39 -15 IGN
2016-02-22 03:46:02.0 357 -35 5 50 63 29 83 250 60 93 USGS
2016-02-22 03:46:02.0 357 -3.6 10 5.1 54 33 69 258 59 103 GFZ
2016-02-22 03:46:01.0 356 -3.7 10 52 236 32 62 87 62 106 INGV

2016-02-23 08:46:00 357 -36 4 43 236 51 78 075 41 105 IGN
2016-03-03 11:36:27.0 354 -39 14 4.8 130 31 -104 327 61 -81 GFZ
2016-03-09 23:46:07.0 355 -3.6 4 4.5 238 46 079 73 45 101 IGN
2016-03-11 04:16:48.0 356 -3.6 11 49 59 29 76 256 62 98 GFZ
2016-03-11 04:16:47.0 357 -3.6 10 49 237 40 69 84 53 107 INGV
2016-03-11 09:40:18.0 356 -3.6 04 38 191 75 62 75 32 150 IGN
2016-03-12 15:04:06.0 356 -3.6 10 48 59 31 69 262 61 102 GFZ
2016-03-12 15:04:06. 356 -38 10 49 245 31 70 88 61 101 INGV
2016-03-12 15:04:05 355 -36 3 48 224 70 75 81 25 124 IGN
2016-03-12 15:17:12.0 356 -3.7 10 49 235 26 63 84 67 103 INGV
2016-03-12 15:17:12.0 357 -3.7 10 4.8 48 31 68 253 61 102 GFZ
2016-03-12 15:17:11.0 356 -3.6 4 48 219 63 74 71 31 118 IGN
2016-03-15 04:40:40.0 358 -36 4 52 78 25 100 246 65 84 USGS
2016-03-15 04:40:39.0 356 -3.7 10 52 58 42 76 257 50 102 GFZ
2016-03-15 04:40:38.0 356 -3.8 10 53 236 42 68 84 52 109 INGV
2016-03-15 04:40:38.0 356 -3.6 04 52 252 66 96 58 25 77 IGN

K2
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cluded solutions from IGN, Geo Forschungs Zentrum, Potsdam (GFZ) and Isti-
tuto Nazionale di Geofisica e Vulcanologia, Roma (INGV). IGN mechanisms are
in fact rapid moment tensors determined automatically from 3 stations, so they
could be inaccurate with respect to those determined later with more stations.
However, we used them because of their availability and their large number.

As also noted by [4], who determined mechanisms from IAG unpublished
data, the most striking observation is that the solutions obtained for the western
and for the eastern clusters have very different patterns. The mechanisms of the
western cluster (Figure 4) show various regimes depending on the position of
the epicenter within the cluster: the northernmost events (#1; 2) and one in the
south (#6) correspond to strike-slip faults with normal or reverse components;
two events (#8; 13) show almost-pure reverse faults and other four (#7; 10; 14;
20) are normal faults. However, all the P axes are oriented NW-SE to NNW-SSE
whereas the 7 axes have an ENE-WSW orientation with variable plunge values.
In contrast, mechanisms of the eastern cluster exclusively show thrust faulting
across the Alboran Ridge (Figure 5) with NW-SE horizontal pressure axes and

almost vertical tension axes.

4. Regional Stress Orientation and Magnitude from
Focal Mechanisms

Given the NNE-SSW to N-S trend of the first cluster, it is intuitive to consider
the NNE-SSW planes as the main fault planes. However, modeling Coulomb
stress changes (CSC) requires a more precise knowledge of the main plane in
order to trace the faults. To this end, the stress determination software R4DT
[27] was used to obtain the regional stress and, as an important output, the angle
difference between the observed and the theoretical slip vector on the fault
plane. For the western cluster, the obtained state of stress shows that o; is
oriented N344°, 20°; o, is oriented N180°; 69° and o, is oriented N76°; 05°. The

stress ratio
R=0,-0;/0, -0, (1)

is 0.45 (0, > 0, > 03). However, this particular stress ratio is only obtained when
assigning a weight to the fault (nodal) planes depending on the magnitude of the
earthquake (weight 9 for M > 6; 8 for M > 5 etc.). Events #6, 7, 10 and 20 show
small deviations, while events 8 and 13 show too large deviations with respect to
the calculated state of stress. The stress tensor obtained from the eastern cluster
shows that, using the same weights because of similar magnitudes, o; is oriented
N326°, 17°; o, is oriented N233°; 11° and o is oriented N113°; 70°. The stress
ratio Ris 0.375. Only one plane shows a high deviation.

5. Coulomb Stress Changes
5.1. Methodology

The study of Coulomb stress changes (CSC), which has become widespread
since the early 1990s [28] [29], is a very useful tool to understand the distribu-
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tion of seismicity around active faults and even in unfaulted areas. CSC is ex-
pressed by the equation e.g. [28]:
Ao, =A7—p'Ao,y (2)

where Ac,, Ar and Ao, are, respectively, the coseismic changes in Cou-
lomb stress, shear stress and normal stress, and ' is the effective coefficient of
friction, e.g. [30] and references therein, which corresponds to u'= ,u(l— B)
where B is Skempton’s coefficient, comprised between 0.5 and 0.9. Slip on a
seismic fault produces changes in Coulomb stresses in the surrounding areas.
These changes depend on the orientation of the planes and on the direction and
magnitude of the regional stresses. Detailed analytical equations of stress trans-
fer are exposed by [28], but a more simple way of output is the use of Coulomb
3.2 software [31] which allows drawing maps of Coulomb stress changes re-
solved on various fault orientations and regimes, and also superimposing topo-

graphic and tectonic features or splitting faults.

5.2. Input Parameters

Epicenter location and focal depth. As exposed in section 3.1, the epicenter of 25
January 2016 was relocated at 35.6133°N x 3.6888°W. The calculated final depth
was 15.5 km.

Fault parameters. A major issue is the determination of the main fault plane.
For events 1 and 2, which are respectively the initial (foreshock) and major
events, the B plane (N34 and N41 respectively of the solution IGN in Table 2)
show the smallest angles to the theoretical fault plane obtained from the R4DT
stress determinations, so they can be considered as the main fault-planes as ex-
pected from the distribution of epicenters. Therefore, CSC was initially calcu-
lated using IGN parameters (Table 2); length 10 km; width 10 km (5 - 15 km
depth); mean displacement 1 m left-lateral (when uniform), which lead to a
seismic scalar moment of about 3.2 x 10” dyn.cm (3.2 X 10" N.m) and a mo-
ment magnitude of ~6.3. However, subsequent determinations of focal mechan-
isms listed in EMSC files led us to rather use the solution of INGV (N211 and
N213 respectively; dip 75°) with the same parameters (Figure 6). In order to
avoid in excess concentration of stress at the tips of the fault, the plane was ta-
pered into 5 patches as recommended by the Coulomb 3.2 tutorial.

Stress orientation and magnitude. CSC calculations were carried out taking
into account the regional state of stress, derived from our previous R4DT deter-
mination for the Al Hoceima area [26]: 0, and o, horizontal at 150°E and N60°E
respectively. The stress magnitudes used by software Coulomb are 100 bar for o;;
30 bar for o;; and 0 bar for o;. No vertical gradient was taken into account. The
CSC calculation depth is 15 km. We use this pre-earthquake regional tensor, in
which the trend of ¢; differs by 14° counterclockwise from that determined from
the western cluster and 4° clockwise from the eastern cluster, because the latter
was determined after the earthquake sequence which lasted many weeks after the

main events. However, the new tensor should be the one to be used in the next
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Figure 6. Initial state of the source fault plane model, corresponding to the 25 January 2016 shock, of Mw = 6.3 (tapered fault 3-7).
Left panel: initial determinations from IGN, right: relocation of epicentres (this paper) and plane determined by INGV. Red rec-
tangles are the fault planes of the events of 1994 (1) 2004 (2) and 2016 (3-7). Green lines are the extended surface traces of the
faults.

studies.
Fault strength parameters. We used the default values recommended by the
Coulomb 3.2 software. These are 8 X 10° bar for Young modulus; 0.25 for Pois-

son’s ratio, and 0.8 for the coefficient of friction.

5.3. Coulomb Stress Perturbations Caused by the 25 January
Quake

From all seismic data, it appears that events 1, 2 and 5 may belong to ruptures
on the same plane or on close planes. As mechanism 1 is almost similar to me-
chanism 2, this one will be considered for CSC modeling because of its larger
magnitude (M = 6.3) and effects. In this case, plane Bhas been considered as the
main fault plane because of the smaller angular deviation of the slip vector with
respect to the theoretical striation obtained from R4DT software.

Coulomb 3.2 was run for fault of event #2 (Table 1 and Table 2) taken as the
source fault using the additional parameters indicated in Table 2 (Figure 6). The
effect of the main fault on CSC was calculated on optimum strike-slip, normal
and reverse faults (Figures 7(A)-(C) respectively). In the case of optimum nor-
mal faults, it clearly appears that the southernmost events of the western cluster,
the mechanisms of which are normal, match fairly well the N-S optimum planes
of normal faults, on which there is a rise in CSC. This is the case of events #7; 10;

14 and 20. In the case of events with reverse faults of the eastern cluster, the CSC
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map shows that they fall in the CSC increase sector, exactly at the north-eastern

tip of the source fault.

A cross-section was constructed in order to better visualize the zones of CSC

rise on reverse faults at 3 bar and 10 bar saturation (Figure 8(A) and Figure

8(B)). This cross section shows that the events of the eastern cluster clearly plot

in the CSC rise zone.
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6. Discussion

First, it should be stated that the determination of the depth of the hypocenters
of small aftershocks is obviously less accurate offshore than onshore where it is
generally carried out with a mobile array of stations around the main event, e.g.
[32] [33] [34] for the Al Hoceima surveys of 1988, 1994 and 2004. However, the
azimutal coverage around the Alboran Sea appears to be quite satisfactory, espe-

cially on the Iberian side. This point is discussed in section 6.5.

6.1. Earthquakes and Tectonic Features

From the trend of the two clusters, it clearly appears that the western cluster,
trending NNE-SSW, is related to the faults that run from Al Hoceima to the
western termination of the Alboran Ridge, ie. the TASZ and Al-Idrissi FZ.
These are either normal or strike-slip faults as interpreted from seismic profiles
and high-resolution bathymetry.

Similarly, the eastern cluster, although less linear, is clearly related to the
high-angle reverse faults that bound the Alboran Ridge to the NW and to the SE.
An important question is whether the motion along the Al-Idrissi FZ or more
generally the TASZ can generate large earthquakes given its recent and shallow
character. Indeed, seismic profiles published by [1] and following authors, and
the maps published by [8], show that this system is quite recent and shallow and
its extension downwards to 10 km depth is not established with other means
than seismology. However, it may reflect surface expression of older, deeper

faults inherited from Mio-Pliocene times.

6.2. Focal Mechanisms

It is interesting to note that since the 2004 seismic crisis there was only a weak
seismic activity in the Alboran area before the 2016 crisis. Authors [25], who in-
stalled an array of ocean bottom seismographs (OBS) from 13 August 2009 to 15
January 2010, did not record shocks of magnitude higher than 3.8. The only foc-
al mechanism they determined in the 2016 crisis area is located at Ras Tarf and
consists of a reverse fault similar to those of the eastern cluster of 2016. Authors
[24] also conducted a study on moment tensor solutions for the Iberian-Maghreb
region during the Iber Array deployment from 2009 to 2013, but no one was de-

termined in the studied area, probably because of small magnitudes.

6.3. Influence of the Previous Al Hoceima Earthquakes
of 1994 and 2004

In order to assess the influence of the previous Al Hoceima earthquakes, CSC
after the 1994 and 2004 earthquakes were resolved on planes parallel to the
NNE-SSW fault plane of 2016 determined by INGV (see also [3]; his Figure
6(A) and Figure 7(A) respectively). Adding the 2016 earthquake data to these
maps clearly shows that the swarms are located in the sector where a rise of
Coulomb stress has been obtained after the occurrence of both earthquakes
(Figure 9(A) and Figure 9(B)), although the stress magnitude becomes higher
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Figure 9. (A) CSC effect of the Al Hoceima earthquakes on 1994 at 10 km and 3 bar saturation and 2004 (B) at 10 bar and 10 km
on the location of the 2016 events with A > 4. In red, CS increase; in blue, CS decrease.

when removing the arbitrary values of the regional stresses suggested by the
model. This clearly testifies for the stress transfer to the Al-Idrissi Fault Zone
and to the Alboran ridge, so it is likely that the faults in this area were reacti-
vated or at least fostered by these events. However, only the southern cluster falls
in the 1 - 2 bar rise sector, while the northern events, the major ones, are located
in the 0 - 1 bar rise sector. Another important observation is that the 2004
earthquake had weaker CSC rise with respect to the 1994 one for the area where
the 2016 earthquakes were recorded. This is due to the southerly location of the
2004 event with respect to the 1994 shock.

6.4. Jumps in Seismic Activity

Another major question is how the jumps in seismicity occurred during the 2016
crisis. The location of the western cluster in the area where an increase in CS was
obtained using INGV parameters is almost perfect (Figure 7). The location of
the aftershocks of the eastern cluster is more difficult to match because they are
slightly offset from the CS rise area when using (unrealistic) uniform slip along
the whole fault. However, in the tapered fault plane model, they match the CS
rise at the NE fault tip so that there is no need for a new fault to account for their
occurrence. It remains that the NNW-SSE orientation of the epicenters along
theoretically NE-SW fault planes (Alboran Ridge) may arise some questions
such as the existence of a pop-up structure. Although the cross-section of Figure
8 clearly shows that the epicenters appear to be aligned along a plane that could
be interpreted as a reverse fault, this assumption needs more accurate determi-

nations with smaller horizontal/vertical errors.
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6.5. Influence of Errors on Hypocentral Depths

One of the most unconstrained parameters in this study is the hypocentral
depth, because most shocks were in the Alboran Sea and the closest stations are
relatively far (80 km for EALB and EMEL). This leads to difficulties in the de-
termination of the depth of hypocenters, as generally observed on IGN earth-
quake catalogues, where most shallow earthquakes are (fixed) at 10 km, followed
by those at 5 km and 2 km, e.g. [21] [22]. Our relocations show that the errors
on depth range from 3.1 to 17.3 km with most events with ERZ between 2.5 and
7.5 km. Anyway, as illustrated in Figure 8, the vertical error bars of the eastern

cluster of the 2016 crisis remain situated in an area of a wide CSC rise.

6.6. What about the Next Large Earthquake (and Tsunami)?

One of the possibilities provided by the study of the CSC is to assess the seismic
hazard and to determine the faults that have undergone CS rise. Previous inves-
tigations have been successful in predicting the location of the occurrence of the
next events within CS increase areas, although it was not possible to determine
when. For instance, the CSC during the seismic crisis of 2016 (Figure 7) shows
that there is an increase in CS to the north and to the south, spanning the
Al-Idrissi FZ and the Algarrobo-Herradura-Djibouti banks off the Spanish mar-
gin (Figure 1). An interesting feature is that the area NE of Al Hoceima, which
was in a CS decrease zone [3], has undergone an increase of CS after 2016, and
should be considered in the next years. The same can be said about the Alboran
ridge, which has been activated in 2016.

In parallel, recent research on tsunami hazard in Alboran area [21] [35] has
simulated fault slip on several potential seismogenic/tsunamigenic faults (Figure
6 in [21]), which can also be determined by Coulomb 3.2, but no CSC was stu-
died. As tsunami excitation and hazard are intimately linked to fault slip, we can
also state that the faults of the affected area may accumulate stress, especially
those displaying vertical motions, such as the thrust faults bounding the Alboran
Ridge, the Algarrobo-Herradura-Djibouti and the Tofifio banks because the
strike-slip faults with small thrust or normal components do not generate large

tsunamis [36].

7. Conclusions

In this paper, we have exposed the results of the study of the south-western Al-
boran seismic sequence of January-March 2016 and the stress perturbations it
caused by means of Coulomb modeling. The main results are:

1) The epicenters of the largest events, which were relocated using data from
numerous stations, show two distinct clusters: one running NNW-SSE to-
wards the Moroccan coast along Al-Idrissi fracture zone, the other centered
on the Alboran ridge northern thrust fault.

2) The focal mechanisms determined by different agencies correspond to
strike-slip/normal/reverse motion in the western cluster and thrusting in the

eastern one.
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3) The state of stress determined from the published focal mechanisms show a

horizontal compressional stress oriented NNW-SSE in conformity with pre-

vious determinations.

4) Coulomb stress change modeling shows that the main earthquake of 25 Jan-

uary 2016 (Mw = 6.3) may have been triggered by stress accumulation by the

1994 and 2004 earthquakes.

5) The main earthquake of 25 January 2016 has induced stress perturbations

that provide a suitable explanation for the distribution of the aftershock clus-

ters, including the eastern cluster. The prediction of the next event shows

that it is likely to occur near the Moroccan coast.
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