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ABSTRACT. The aim of this study is to quantify and map a recent seismic swarm sequence that occurred in the
Alboran Sea between 2020 and 2021, focusing specifically on the South Alboran Basin. To identify the seismic clusters,
a criterion based on seismicity is employed, considering the distribution of two parameters: the kernel density of earth-
quakes and the kernel density of seismic moments. The first parameter reveals the presence of two seismic clusters:
one located north of Al Hoceima, specifically within the southern segment of the Al-Idrissi Fault System (AIFS), and
another in the Granada Basin. The second parameter indicates that both clusters released significant amounts of energy,
particularly in the southern part of the AIFS, with values reaching up to 1.6:10'* J-km=2-year!. The 3D seismic modeling
indicates a clustering of seismic occurrences in northern Morocco, displaying an eastward pattern in terms of depth.
This observation leads to speculation about the existence of nearby geological formations, possibly associated with the
AIFS system. Analysis according to the Gutenberg-Richter law shows that the seismic swarm sequence in the southern
Alboran Basin exhibits a b-value close to 1, indicating a slip regime. Temporal analysis of the b-value variation reveals
two stress regimes: an initial decreasing regime with a b-value close to one, succeeded by a sharp increase indicative
of an extensional regime, possibly due to fracture opening. The focal mechanisms show an alternation between strike-
slip and strike-slip with normal components, indicative of a transtensional regime. This type of faulting suggests both
lateral motion and some degree of extensional force, which aligns with certain rises in the b-value, as these could
correspond to stress release events associated with opening fractures or fault segments, although the timing does not
perfectly match b-value fluctuations. Together, these findings highlight a complex tectonic environment marked by
strike-slip and transtensional forces, supporting the ongoing southern development of the AIFS.
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PO 3EMJIETPACEHHMM 2020-2021 rr. B FOXKHOM YACTH AJTbBOPAHCKOM BITAITUHBI
U ET'O BO3MOXHAA CBA3b C IO KHbIM ITIPOAO/IXKEHUEM CUCTEMbI PA3/IOMOB AJIb-UAPUCCHU

K. Byxanau, M. Pyau, A. lekaiiup, A. Iccaiief,
YuuepcuteT Mynas Ucmania, 50000, MekHec, Mapokko

AHHOTALUA. Llesbto JaHHOTO MCCIe0BaHUA ABASETCA KOJMYECTBEHHOE ONpe/ieieHue U KapTUPOBaHUe HellaB-
Hell poeo6pa3HOM MoC/Ie[0BaTENbHOCTU celicMuueckux coobiTuit 2020-2021 rT. ¢ aKLleHTOM Ha 1or AJIb60paHCKoM Bra-
JUHBL. BblsiB/IeHHe celicMUYeCKUX KIaCTepOB MOXET ObITh IPOBEJEHO C NOMOIbI0 KPUTEPUS CEHCMUYHOCTH, YUUTHI-
BaloIleTo pacipe/ie/ieHue BYX IapaMeTpPOB: IIJIOTHOCTH si/iep 3eMJIeTPsICEHUM U IJIOTHOCTH CeCMHUYeCKUX MOMEHTOB.
[lepBBIi MapaMeTp onpejessieT MeCTONOI0XKEHNEe [IBYX CEHCMUYECKUX KJIaCTEPOB: K ceBepy OT JJ/b-XocelMa, B peJe-
JlaxX I0)KHOT'0 CerMeHTa CUCTeMbl pasyioMoB Anb-Uapuccu (AIFS), u B 'paHagckoil BnaguHe. Bropoit napamMeTp yKasbl-
BaeT Ha TO, UTO 06a KJlacTepa BbICBOOOAM/IM 3HAUYUTEeJbHOE KOJIMYeCTBO 3HEPTHH, B 0CO6EHHOCTH B 10)kHOU yacTu AlFS,
rje oHo gocturaetT 1.6:10™ x-km2-rog-L. CelficMuueckoe 3D Mozie TMpoOBaHUe BISBJISET KJIACTEPU3ALUI0 CECMUYECKUX
NposiBJIeHUH Ha ceBepe MapoKKO, OpUEHTHPOBAHHY0 B BOCTOUHOM HallpaBJIEHUM C TOUKH 3peHus IyOHHbL /laHHOe
HabJ10leHre HaBOAUT Ha MBICJ/b O CYLeCTBYIOLIUX 10 COCeJICTBY reojlornyeckrux ¢popmalusax, KOTopble MOTYT OBbITh
cBsi3aHbl ¢ AIFS. AHaM3 B COOTBETCTBUHU C 3aKOHOM ['yTeHGepra — PuxTepa ykasbIBaeT Ha TO, YTO poeobpasHasi ceil-
CcMUYecKasi I0CJ1el0BaTeJbHOCTD B I0XKHOM YacTu Aib60OpaHCKOU BIaJMHBI IPUHUMaeT 3HaueHue b, 6;1M3Koe K 1, cBU-
JleTeJbCTBYMOLlee 0 GOPMUPOBAHUM peXKHMMa CKOJIbXXeHUsl. BpeMeHHON aHa/iu3 Bapual My 3Ha4eHUs b yka3blBaeT Ha
CyllleCTBOBaHHUe JIBYX PeXMMOB HalpsDKEHUs: yMeHbllleHue, IPU KOTOPOM 3HadeHHe b CTAaHOBUTCSA GJIM3KUM K eJUHU-
1ie, U NoCJeiytolllee pe3Koe yBeJMYeHNHe, CBU/eTeJIbCBYIOIee O peXKMMe PacTsKeHUsI KaK 0 BO3MOXKHOM CJIeICTBUU
PacKpbITHUS TPelMH. MeXxaHH3Mbl 04aroB YKa3blBalOT Ha Yepe/joBaHHe CBUTOB U CIBUT'OB CO COPOCOBOM KOMIOHEHTOM
CMellleHUH, sABJIsIolleecs IPU3HAKOM peXXMMa TpaHCTeHCHH. Takoi TUI pa3ioMo06pa3oBaHus NpejnoJaraeT HaJluuue
KaK JlaTepaJibHOr0 CMellleHUs], TaK U HEKOTOPOM CHJIbI PACTSXKEHMUs, YTO COTJIaCyeTcCsl C ONpesie/leHHbIM pOCTOM 3Haye-
HUA b, TOCKOJIBKY U TO, U JJpyroe MOXKeT COOTBETCTBOBATb BbICBOOOXK/AEHNIO HAIPSX)KEHUH, CBA3aHHbBIX C paCKpbITHEM
TpeIMH UJIU CerMeHTOB Pa3J/ioMa, HECMOTPS Ha OTCYTCTBHE TOYHOI'O COOTBETCTBHUS MeX/y BpeMeHeM U KoJlebaHUAMU
3HayeHUU b. B3siTble B COBOKYIIHOCTH, 3TU Pe3Y/IbTAThl YKa3bIBAIOT Ha CJI0XKHYI0 TEKTOHUYECKYI0 0OCTaHOBKY, 0OTMeYeH-
HYI0 CUJIaMU CABUTA U pacTsKeHHUs, CBUJeTebCTBYIOLMMHU O 0KHOM npojo/nkeHun AIFS.

KJIIOYEBBIE CJIOBA: po#i 3eMyieTpsiceHU; AibO0paHCKoe Mope; 3eMJieTpsiceHUe B Ajib-XoceliMe; cicTeMa pa3jioMOB
Anb-Uppuccu

OGUHAHCUPOBAHME: He ykazaHo.

1. INTRODUCTION

Earthquake swarms represent a distinct form of seismic
activity that diverges from the typical mainshock-after-
shock pattern or Omori’s law [Sykes, 1970; Hainzl, 2003].
They are often associated with volcanic processes [Aoki et
al., 1999; Hayashi, Morita, 2003]. Conversely, non-volcanic
earthquake swarms have been observed at plate boundaries
[Shimamoto, 1993; Tryggvason, 1973] and within tectonic
plates [Lopes et al., 2010]. To comprehend the seismic
sources and spatial distribution of seismic events, it is im-
perative to map seismic swarms. The proposed methodolo-
gy [Sharon et al., 2020] stands out as highly effective for
earthquake modeling, facilitating the quantitative charac-
terization of regional seismicity by generating both earth-
quake kernel density maps and seismic moment (M,) ker-
nel density maps [Deif et al., 2023; Sharon et al., 2020].

The recently increased seismic activity has been ob-
served in the Alboran Sea, particularly within the South
Alboran Basin, marked by a notable increase in seismic
events, including aftershock sequences and clustered seis-
mic swarms. An overview of historical and instrumental
seismicity in the Alboran Sea reveals significant seismic

occurrences such as the Adra earthquakes [Peldez et al.,
2007] in 1804 and 1910 (MSK Intensity VIII-X), the Al
Hoceima earthquakes in 1994 and 2004 with magnitudes
Mw=6 and Mw=6.3, respectively [Cherkaoui, El Hassani,
2012], as well as the 2016 Mw=6.4 earthquake off the coast
of Al Hoceima [Buforn et al., 2017; Medina, Cherkaoui,
2017], considered the most intense seismic event in the
region. Positioned along the convergent boundary of the
African and Eurasian plates, the Al Hoceima region is con-
sidered as the most seismically active area in the southern
Alboran Sea [Hamdache et al., 2022]. Recent data from
the National Center for Scientific and Technical Research
(CNRST) indicates a prolonged seismic swarm in the South
Alboran Basin spanning several months in 2020-2021. This
study aims to delineate the seismic swarm to discern the
spatial clustering of seismic events both at the surface and
in depth. Employing the methodology proposed by [Sharon
et al, 2020], we quantify the density of seismic events per
square kilometer during the swarm period, encompassing
approximately two years (2020 & 2021). Additionally, to
visualize the spatial distribution in depth, the hypocenters
have been mapped in three dimensions to elucidate the
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tectonic processes in the region where the seismic activity
occurred.

2. GEOLOGICAL SETTING

The Alboran Sea, situated in the western Mediter-
ranean region between the Iberian Peninsula and northern
Morocco, lies at the boundary the Eurasian and African
plates. Bathymetric data sourced from the General Bathy-
metric Chart of the Oceans (https://www.gebco.net/) il-
lustrate the intricate morphology of the sea floor, accen-
tuated by the presence of mountainous landforms known
as the Alboran ridges (AR). To facilitate study, many re-
searchers [Graciaetal, 2019; Ercillaetal., 2021; d’Acremont
et al, 2022] have partitioned the basin into three distinct
segments (Fig. 1): the South Alboran Basin (SAB), the East
Alboran Basin (EAB), and the West Alboran Basin (WAB).
Present-day crustal deformations result from fault sys-
tems within the broader framework of NW-SE to NNW-
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SSE trending convergence (4.5-5.6 mm/yr) between the
Nubian and Eurasian plates [DeMets et al., 2015], serving
as the primary driver of seismic activity.

The sea floor of the Alboran Sea is characterized by a
network of normal and strike-slip faults. The Youssuf fault
(YF) network, representing the dextral strike-slip system
[Stich etal., 2020], contributes to numerous seismic events
in northern Algeria. Additionally, fault systems such as
Carboneras (CF), Nekor (NK), and Al Idrissi (AIFS) cor-
respond to sinistral strike-slip faults, with the Al Idrissi
fault system obviously associated with significant earth-
quakes in northern Morocco [Gracia et al., 2019; Stich et
al.,, 2020].

3. DATASET
Given the large scale of the investigation area, precise
earthquake coordinates are essential for effective spatial
data processing. While most seismic stations in Morocco
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Fig. 1. Main structures of the Alboran Sea overlaid on the bathymetric/elevation map, showing seismicity (ML>4) prior to the earthquake

swarm.

EAB - East Alboran Basin, WAB - West Alboran Basin, SAB - South Alboran Basin, AR - Alboran ridges. The main faults (after [Gracia
etal., 2019]): AIFS - Al-Idrissi fault system, NK - Nekor fault, CF - Carboneras fault, TF - Trougout fault, NSF - North-South faults, YF -

Yusuf fault.

Puc. 1. OcHOBHbIE CTPYKTYPbl AJIbGOPAHCKOTO MOpsl, HAHECEHHbIEe HAa GATUMETPUYECKYI0/U306aTHYECKYI0 KapTy CeHCMUYECKOH

aKkTUBHOCTHU (ML>4), npeiiecTBytouiel poro 3eMaeTPsSICEHUM.

EAB - BocTto4yHo-Anb60opaHckas BnagruHa, WAB - 3anagHo-Anb60paHckas BiaguHa, SAB - H0xkHo-Anb6opaHCcKas BaAuHa, AR - Ab-
6opaHCckui XpebeT. [1aBHbIe pasnoMbl (1o [Gracia et al.,, 2019]): AIFS - cuctema passiomoB Anb-Uapuccu, NK - Hekopckuii passioM,
CF - paszniom Kap6onepac, TF - pazsiom TporayT, NSF - passiombl B HanpaB/ieHUH ¢ ceBepa Ha 10T, YF - F0cydcekuii paziom.
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are concentrated in the northern region, Spain is equipped
with a dense network of seismic stations (https://visualiz
adores.ign.es/estaciones_sismicas/). For this study, we uti-
lized data from both the CNRST and the Instituto Geografico
Nacional (IGN) to handle spatial data processing and map-
ping. The seismic events under analysis were located with-
in the coordinates 35-37 °N and 2-8 °W, covering the pe-
riod from January 1, 2020, to December 31, 2021. Over
this timeframe, there were recorded 6.354 seismic events
with magnitudes ranging from 1.5 to 5.1 (1.5<M<5.1) and
depths varying from 1 to 200 kilometers. The maximum
location uncertainties for these events are less than 10 km
horizontally. We also referenced seismogenic zones defined
by the Geological and Mining Institute of Spain (ZEIS Da-
tabase, https://info.igme.es/zesis/) to identify precisely
the locations of seismic swarms. While both the CNRST and
IGN catalogues were employed for spatial data processing
and mapping, the statistical analysis was based solely on
the CNRST catalogue, which reports local magnitudes. De-
tailed descriptions of the methodology and statistical ap-
proaches will be provided in the methods section.

Fig. 2 depicts the spatial distribution of seismic events
in the Alboran Sea, highlighting clusters of heightened seis-
mic activity concentrated within specific seismogenic zones
such as the Alboran Ridge - Central Rif (AR - CR), the
Granada Basin (GB), and the Gulf of Cadiz North (GCN).

The focal mechanisms, as shown in Table.1, for earth-
quakes with magnitudes greater than 3, were acquired
from the IGN open access data.

4. SPATIAL DATA PROCESSING

To quantify regional seismicity, we utilized two param-
eters: earthquake kernel density and seismic moment (M,)
kernel density. The subsequent spatial data processing
steps outline the calculation of both parameters. A regional
analysis was conducted in horizontal coordinates on a 2D
grid with 1 km intervals. For each grid point, both param-
eters were computed using all recorded events within a
6 km radius. Kernel density estimation was employed as a
method to ascertain the spatial distribution via a probabil-
ity density function, where the distance from a reference
point was utilized to weight each event.

The earthquake kernel density parameter, denoted as
N,, was computed by summing the weighted events within
a 6 km radius of each grid point (Fig. 3), dividing their total
by the sampling area (7r?), and normalizing by the earth-
quake catalogue duration (7) [Sharon et al., 2020]:

d(n)?

§ N e 20°
_ n=1

pNK - T7Tr2

(1)

where N represents the number of earthquakes within a
circle of radius r, d(n) denotes the distance between an
earthquake event (n) and the center of the circle, o rep-
resents the standard deviation of the Gaussian function, and
T signifies the duration of the earthquake catalogue. The
resulting values are expressed in events per square kilome-
ter per year (events-km=2-year!). The kernel density meth-
od allows for a more sophisticated visualization of seismic
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Fig. 2. Spatial distribution of the seismicity in the Alboran Sea during 2020-2021, superimposed on the seismogenic zones.

Puc. 2. [IpocTpaHCcTBEHHOE pacnpejiesieHue CEHCMUYHOCTU B Anb6opaHckoM Mope B TedyeHue 2020-2021 rr., ¢ HaJlo’)KEeHUEM Ha

celCMOreHHbIe 30HHbI.
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Table 1. Parameters of earthquakes with M>3 recorded during the Alboran Sea seismic swarm
Ta6suna 1. [TapamMeTpbl 3eMyieTpsiceHUH ¢ M>3, 3aperucTpUPOBaHHbIX IPU NPOSIBJIEHUH POEBOH CECMUYECKOH aKTUBHOCTH B
Anb6opaHCcKOM MOpe

Plane A Plane B
Date and time Latitude Longitude Z Mw Agency
Strike Dip Rake Strike Dip Rake

30/12/2021 15:28:20 35.4549 -3.6736 5 4.0 234 84 13 142 77 174 NGI
23/12/2021 01:54:26 35.1483 -3.9071 5 45 162 64 -82 324 28 -106 NGI
14/11/2021 04:53:20 35.4292 -3.6654 7 3.9 81 90 -178 351 88 0 NGI
14/11/2021 04:48:27 35.4363 -3.6287 13 4.4 4 75 -26 102 65 -163 NGI
23/10/2021 19:54:02 35.4126 -3.6643 7 3.8 360 81 -18 93 72 -170 NGI
24/09/2021 00:31:27 35.5881 -3.7363 5 3.8 101 84 -153 8 64 -7 NGI
19/09/2021 00:31:48 35.4570 -3.6333 7 4.0 359 77 -14 93 76 -167 NGI
01/09/2021 12:51:59 35.4355 -3.6538 5 4.1 356 87 -33 88 57 -176 NGI
28/08/2021 12:09:43 35.4594 -3.6148 5 4.0 8 73 -32 109 59 -160 NGI
28/08/2021 11:20:50 35.4545 -3.6202 6 5.1 14 82 -13 105 77 -172 NGI
08/08/2021 05:50:39 35.3843 -3.5447 6 4.0 1 90 =21 91 69 -180 NGI
07/08/2021 04:19:16 35.4648 -3.6241 5 4.4 13 86 -19 105 71 -176 NGI
02/08/2021 14:06:10 35.4886 -3.6928 5 4.0 11 76 -20 107 70 -165 NGI
01/08/2021 10:48:19 35.4734 -3.6069 15 4.0 6 77 -18 100 72 -167 NGI
30/07/2021 09:13:03 35.4978 -3.6597 5 4.2 279 89 -167 189 77 -1 NGI
30/07/2021 08:58:51 35.4144 -3.6350 5 4.5 6 84 =21 99 69 -173 NGI
30/07/2021 08:38:53 35.4474 -3.6204 5 4.3 12 86 -14 103 76 -175 NGI
11/07/2021 11:40:03 35.4397 -3.6789 10 4.3 15 82 -21 108 69 -171 NGI
22/06/2021 14:54:33 35.4346 -3.6385 5 4.0 16 89 -16 107 74 -179 NGI
19/06/2021 03:23:06 35.4843 -3.6428 5 4.7 8 85 -12 99 78 -175 NGI
27/05/2021 22:55:43 35.4143 -3.6537 4 4.0 11 84 -24 103 66 -174 NGI
23/05/2021 06:42:15 35.4417 -3.6981 5 4.2 7 81 -20 100 71 -170 NGI
23/05/2021 06:18:39 35.3674 -3.6901 7 4.1 4 80 -18 97 72 -170 NGI
21/05/2021 11:10:55 35.4490 -3.6549 7 4.1 2 76 =21 97 69 -165 NGI
14/05/2021 06:54:58 35.4855 -3.6089 9 4.0 14 82 -15 106 75 -172 NGI
11/05/2021 16:52:03 35.4672 -3.6494 5 4.0 7 81 -20 100 71 -170 NGI
01/05/2021 22:10:06 35.4227 -3.6167 5 4.3 13 85 -12 104 78 -175 NGI
28/04/2021 12:40:51 35.4957 -3.6635 9 4.1 14 85 -13 105 77 -175 NGI
17/04/2021 09:51:29 35.3931 -3.6783 6 3.9 6 84 =21 99 69 -173 NGI

https://www.gt-crust.ru 5


https://www.gt-crust.ru

Bouhali K. et al.: The South Alboran Basin Seismic Swarm...

Geodynamics & Tectonophysics 2025 Volume 16 Issue 1

»
>

Y coordinate, km
2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

* Earthquake
e Circle centre

2D grids with
1 km intervals

' 6 km radius

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
X coordinate, km

Fig. 3. Representative illustration of the method used to compute the earthquake kernel density.

Puc. 3. Peﬂpe3eHTaTI/IBHaH WJUJIIOCTPAL A MeToAa, UCITOJIb3yeMOro AJid BbIYHUC/IEHUA IIJIOTHOCTHU A/ipa 3eMJIeTPACEHU .

activity by smoothing the distribution of seismic events,
which helps to reveal patterns and trends that might not
be evident in a conventional epicenters map.

Our study encompasses a large area spanning over
33000 km?. The process of calculating the earthquake kernel
density parameter is complex, particularly when consider-
ing the duration of the earthquake catalogue. Therefore,
the utilization of computational tools is recommended to
facilitate this calculation. For our investigation, we utilized
the code (it's available at https://frmathworks.com/) and
implemented several modifications to enhance the accura-
cy of our results.

To compute the kernel density of the seismic moment,
denoted as p,, ,, the seismic moment released by each seis-
mic event must be determined using the following relation-
ship proposed by [Hanks, Kanamori, 1979]:

Log(M,)=16+1.5M,. 2)

Each energy quantity is weighted according to the dis-
tance of the seismic event from the center of the circle,
just like the earthquake kernel density estimation. The ob-
tained results are expressed in J-km=-year'.

_dy’

> My(me _ 3)

Trr*

Pug =

The open-source software Zmap [Wiemer, 2001] was
used for statistical analysis of seismic swarm event sizes

and spatial distributions in order to deduce changes in lo-
cal stresses. We used the Gutenberg Richter law to deter-
mine the b-value of the seismic swarm sequence, which is
expressed as [Gutenberg, Richter, 1944]:

LogN(M > Mth)=a—b-M (4)

where N is the number of events with magnitude larger
than M. In this study, the b-value of the Gutenberg -
Richter relation is used as an indicator of the stress regime
[Schorlemmer et al., 2005]. The maximum curvature tech-
nique is used to analyze the frequency-magnitude data,
and the maximum likelihood approach is used to estimate
the b-value [Aki, 1965]:

b Log,.e

i —[M—AM ©)

2

where M is the average magnitude value, M is the lower
limit of the magnitude in the catalog, and AM is the catalog
binning width. The following relationship describes the un-

certainty in estimating the b-value [Shi, Bolt, 1982]:

(6)

where n_is the number of earthquakes in the given sample.
The vertical stress is minimal for b values less than 1,

indicating a compressive regime [Schorlemmer et al., 2005].

If the vertical stress is intermediate, the value of b is likely
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to be close to the universal value of unity, indicating a
slip fault. If it exceeds 1, the stress regime is extensional
[Schorlemmer et al,, 2005].

5. RESULTS AND DISCUSSION

As anticipated, Fig. 4 illustrates that the majority of
earthquakes are concentrated along the AR - CR seismo-
genic zone, which includes the Al Idrissi fault system, with
a lesser occurrence along the GB seismogenic zone. More-
over, notable clusters are observed in the GCN seismogenic
zone, albeit with lower density values compared to the
AR and GB zones. The seismic activity shows a more dis-
persed pattern at the junctions of the CIB and AR seismo-
genic zones, indicating the intersection of the AIFS and CF
fault systems.

These findings reveal the occurrence of two seismic
swarms in the Alboran Sea between 2020 and 2021. The
most intense swarm, in terms of earthquake frequency, is
associated with the Central Rif - Alboran Ridge, while the
least intense swarm is linked to the Granada Basin.

According to the findings depicted in Fig. 5, the distri-
bution pattern of seismic moment kernel density in the
Alboran Sea closely mirrors that of earthquake kernel den-
sity, highlighting pronounced seismic activity zones along

the AR and GB. Building upon the preceding observations, it
is noteworthy that the locations of the two seismic swarms
directly oppose each other. This prompts speculation re-
garding a potential correlation between these distinct seis-
mic events.

Fig. 6 presents the temporal distribution of seismic
events in the GB and AR - CR swarms. The GB swarm
shows a sharp increase in seismicity around t=3-107 sec-
onds, followed by a decline in both the frequency and mag-
nitude of events, indicating a rapid release of stress. In
contrast, the AR - CR swarm exhibits continuous seismic
activity over time, with frequent moderate to large events.
This continuous seismicity suggests a prolonged period of
stress release, distinct from the more abrupt behavior ob-
served in the GB swarm.

The presence of two seismic swarms, namely the AR -
CR and the GB, positioned opposite each other (face-to-
face), may either be coincidental or suggestive of a deeper
correlation. A review of literature concerning the Alboran
Sea accentuates the intricate nature of the Betic-Rif oro-
genic system, fueling ongoing debates surrounding diverse
geodynamic reconstructions. Prominent models propose
subduction processes involving slab roll-back, delamina-
tion, slab break-off, or slab tearing, as postulated by [Royden,
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Fig. 4. The kernel density distribution of earthquakes in the Alboran Sea during the seismic swarm. The colors and corresponding
numbers indicate the values in events per square kilometer per year (events-km-=2-year).

Puc. 4. PacripesiesieHre NIOTHOCTH s1/1pa 3eMJIeTPsICEHUH B AJIbGOPaHCKOM MODe B X0/1e IPOsIBJIEHUS] POEBOH ceHCMUYHOCTH. [[BeTOM
Y COOTBETCTBYIOLIEH eMy 11Mbpoii moKa3aHbl MapaMeTpbl COOBITUN U3 pacyeTa Ha KM? B rofi (CoObITHE KM - roA ™).

https://www.gt-crust.ru


https://www.gt-crust.ru

Bouhali K. et al.: The South Alboran Basin Seismic Swarm... Geodynamics & Tectonophysics 2025 Volume 16 Issue 1

8°0'0" W 790'0" 6°0'0" 5°0'0" 4°0'0" 3°0'0" 2°0'0"
e

37°0'0" N
40.0.2€

= w
5 3
& Q
(=] (=)
o =
=o w
o 1
o] Q
g Q
150 {/

 km % @
A Copyright(c) 2014 Esfi
T

6°0'0" 5°0'0" 4°0'0" 3°0'0" 2°0'0"

8°0'0" 7°0'0"
Seismic moment kernel density

JIkm?-yr I 5.1e+12..8.1e+12 [ ] 1.9e+13..2.4e+13 [ ] 5.5e+13..7.4e+13  [444] Thrust

[ ]o.0e+00 P 8.2e+12..1.1e+13 [ ] 2.5e+13..3.3e+13 [ 7.5e+13...1.0e+14 Strike-slip fault
B 10e-01..2.5e+12 [ 1.2e+13..1.4e+13 [ | 3.4e+13..3.8e+13 [ 1.1e+14...1.6e+14  [==] Normal fault
I 2.6¢+12...5.0e+12 [0 1.5e+13...1.8e+13 [ | 3.9e+13..5.4e+13 Seismogenic zones

Fig. 5. The distribution of the seismic moment kernel density in the Alboran Sea during the seismic swarm. The colors and corresponding
numbers indicate the value in events per square kilometer per year (J-km=2-year!).

Puc. 5. Paciipe/ie/sieHrie JIOTHOCTH s1/ipa CEHCMUYECKOT0 MOMEHTA B AJIbGOPaHCKOM MOPE B XO/ie IPOSIBJIEHHUS] POEBOM CEHCMUYHOCTH.
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Puc. 6. BpemeHHOe pacnpe/iesieHHe CEHCMUYECKUX COOBITUH B X0/le MPOsIBJIEHUS] poeBO ceicMUYHOCTU B ['paHaackol BaauHe (a)
U B 30He Asib6opaHckoro xpe6Ta — LleHTpanbHoro puda (b).
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zones and the locations of the Granada Basin and Alboran Ridge - Central Rif seismic swarms (2020-2021) are highlighted in color.

Puc. 7. TpexMepHas 6J10K-JuarpaMMa, WIIIOCTPUPYIOLLAs IOTPYyKEHHE U OTKAaTbIBaHHE OKeaHU4YecKod JiuTochepbl AGpHUKaHCKOH
IJIUTHL. [[BETOM BblJie/IeHbl CEHCMUYECKHE 30HbI U MECTa NPOsIBJIEHUsI POEBOH CECMUYHOCTH B ['paHa/iICKOM BaJiIMHE U B 30HE

AnbbopaHckoro xpe6Ta - LlenTpanbHoro puda (2020-2021 rr.).

1993; Lonergan, White, 1997; Spakman, Wortel, 2004; Jolivet
etal, 2008; Vergés, Fernandez, 2012]. Multiple tomographic
studies have delineated a high-velocity structure pervad-
ing the upper mantle beneath the Betic Arc and Gibraltar
Arc, as highlighted by [Gutscher et al., 2002; Spakman,
Wortel, 2004; Bezada et al., 2013]. This anomalous struc-
ture displays characteristics resembling a slab and is likely
indicative of subducted oceanic lithosphere (Fig. 7).

Seismic activity in the Alboran Sea primarily consists of
shallow earthquakes below 40km, as reported by [Buforn
et al, 1995; Morales et al.,, 1997]. Furthermore, interme-
diate earthquakes (40-150 km of depth) are frequent, pre-
dominantly associated with the subducting plate [Santos-
Bueno etal,, 2019; Lopez-Sanchez et al., 2022]. Deep events,
occurring rarely at depths of around 600-650 km, have
also been documented, as observed by [Buforn etal., 2011;
Chung, Kanamori, 1976]. Given this context, we are un-
able to offer a definitive explanation for the juxtaposi-
tion of these two seismic clusters, AR - CR and GB, in
this instance. Consequently, it is advisable to construct a
three-dimensional sketch illustrating the distribution of
earthquakes at depth to ascertain the most appropriate
interpretation.

Fig. 8, a, illustrates the three-dimensional distribution
of earthquakes spanning from the Central Rif to the Betic

Zone. Examining this diagram reveals a distinct orienta-
tion of seismic depth events extending eastward from the
Central Rif. Conversely, within the Betic Zone, the struc-
tural pattern of earthquakes at depth appears less dis-
cernible, likely attributed to a smaller quantity of earth-
quakes compared to those located in the northern region
of Morocco. The focal mechanism of the significant seismic
event within the seismic swarm in the AR - CR indicates
a left-lateral slip (IGN open access data), with a predom-
inant nodal plane orientation of 14°/82°/-13° (strike/
dip/rake). [Lozano et al., 2022] investigated the seismic
sequence spanning from 2020 to 2021 in the GB and ob-
served that the hypocenters follow a near-vertical pattern
associated with normal faults. [Madarieta-Txurruka et al,,
2022] conducted a study on the 2021 seismic sequence in
the GB, revealing a concentrated "Chimney-shape" seismic
activity resulting from the activation of a normal fault.
Based on the dissimilar orientation of seismic activity
at depth between the AR - CR and the GB, along with dif-
ferences in the tectonic regime of associated faults in these
two seismogenic zones, it can be inferred that the position-
ing of these two seismic swarms opposite each other was
coincidental, likely attributed to the high seismicity rate in
these two regions. Since the two seismic swarm sequences
are unrelated, we have turned our attention to studying the
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seismic activity in the AR - CR area. Here, we observed that
the seismic activity is slanting towards the east. At first
glance, this appeared to be related to subduction processes
(Fig. 8, a, b), However, existing research indicates that the
subduction zone, where intermediate earthquakes typical-
ly occur, is situated between longitudes 6-5 W° [Santos-
Bueno et al., 2019; Lopez-Sanchez et al., 2022], whereas
the observed seismicity is concentrated between longi-
tudes 3-4 W° (Fig. 8, b). These findings are intriguing and
highlight the need for further exploration of this seismic
swarm to determine if there are nearby structures, possi-
bly associated with the AIFS system, influencing the seis-
mic activity in the eastward direction.

The seismic activity in the CR - AR region seems to be
focused mainly on the southern part of the AIFS, as shown
in Figs. 4, 5, and 8. Many studies [El Alami et al., 1998;
Medina, 2015; Medina, Cherkaoui, 2017; Gracia etal., 2019]
indicate that this specific segment of the fault system ex-
perienced significant seismic events during the 2016 cri-
sis, as well as in previous occurrences in 1994 and 2004.
Interestingly, there is a lack of strong seismic events in the
central and northern segments of the AIFS. This suggests

(a) N

Depth, km
=
o

—4.0

-3.5 . 4o°
W
37.5 -3.0 \’0(\9

that these segments might be inactive or undergoing slow
movement [Gracia et al., 2019]. Additionally, research sug-
gests that the AIFS has the potential to cause multiple seg-
ment ruptures [Gracia et al., 2019], a phenomenon closely
linked to the seismic activity observed in the South Alboran
Sea in 2020 and 2021. Density distribution analyses high-
light a high concentration of seismic events at the southern
end of the AIFS, with significant energy release. To further
investigate the cause of the South Alboran seismic swarm,
changes in the tension regime during the swarm were
monitored by observing the evolution of the b-value.

The b-value calculated for the seismic cluster in the
South Alboran Sea is 1.16+0.04 (Fig. 9), which closely aligns
with the b-values reported by [Hamdache et al., 2022] for
the aftershock sequences following the 1994 event (b=
=1.01+0.07) and the 2004 event (b=1.04+0.05) by [Telesca
et al,, 2009]. Since these values are close to one, they sug-
gest compatibility with a slip stress regime, as proposed
by [Grob, van der Baan, 2011].

To ensure the accurate estimation of the b-value, we em-
ployed moving windows that maintain a consistent number
of epicenters. This approach, as proposed by [De Rubeis et
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Fig. 8. 3D depiction of seismic occurrences within the Central Rif - Betic Zone spanning the years 2020-2021 (a) and 3D visualization
of seismic events along the Alboran Ridge - Central Rif, illustrating their eastward-slanting geometry (b).

Puc. 8. 3D uzobpaxkeHue ceicMUYeCKUX NPOsiBJeHUN B 30He LleHTpanbHbIl pud - betuc B nepuoa 2020-2021 rr. (a) u 3D Busyanu-
3alusl CeCMUYeCcKUX COOBITUH B/I0JIb 30HBI AJIbOOpaHCKOro xpe6Ta — lleHTpasbHOro puda, HIIIOCTPUPYIOLAs UX [EOMETPHIO Ha

MJIOCKOCTHU C HAaKJIOHOM Ha BOCTOK (b).
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Fig. 9. Linear regression analyses representing seismic swarm data of the Alboran Ridge - Central Rif, fitted to a Gutenberg - Richter

relationship.

Puc. 9. AHanu3 JUHENHBIX perpeccuii, NpeACTaBJ/ISIOLIMNI JaHHbBIE O POEBOU CEUCMUYHOCTH 30HBI AJIb6OpaHCKoro xpe6Ta - len-

TpaJbHOTO pUda, cornacHo 3aKoHy I'yreH6epra-Puxrepa.

al,, 1993], tracks the variation of spatial correlation dimen-
sion over time. Following numerous tests, we determined
that a fixed number of 150 epicenters per window pro-
vides precise estimations. Analysis of the b-value variation
over time reveals distinct stress regimes (Fig. 10): an ini-
tial strike-slip regime with a b-value approximating 1 tran-
sitions abruptly to an extensional regime [Schorlemmer
et al., 2005]. This abrupt increase in b-value suggests the
opening of fractures, thereby possibly supporting the con-
cept of the AIFS southern development proposed by [Gracia
et al., 2019]. Subsequently, these two regimes have alter-
nated. Comparable patterns have been observed in seis-
mic swarms, such as the 2012-2013 seismic swarm in
the Eastern Guadalquivir Basin (Southern Spain), where
b-values indicate alternating extensional and strike-slip
regimes [Peldez et al,, 2015].

However, the b-value does not definitively establish the
stress regime due to its sensitivity to various influencing
factors. Although we utilize the b-value as an indicator of
stress variation, a comprehensive analysis, including fo-
cal mechanism inversion, is necessary for a more accurate
identification of the stress regime.

The focal mechanism data reveal a sequence of seismic
events dominated by strike-slip faulting, with occasional
evidence of an extensional component. The majority of
events are characterized by steep dip angles and rake val-
ues near 0° or #180°, indicating a predominantly lateral
motion. However, several events show rake values between
-20° and -80°, suggesting oblique mechanisms with a nor-
mal (extensional) component (Table 1). This alternation
between pure strike-slip and strike-slip with normal fault-

ing may indicate variations in the local stress field, poten-
tially associated with transient stress changes or complex
fault geometries (Fig. 11). The consistent presence of these
strike-slip mechanisms, with intermittent extensional ele-
ments, implies a tectonic regime primarily governed by
horizontal shear, with occasional influences from exten-
sional forces likely due to local fault interactions or epi-
sodic changes in stress conditions.

The correlation between focal mechanism results and
b-value trends appears complex rather than straightfor-
ward. The b-value graph shows periods of decreasing b-
values, followed by sharp increases. This pattern suggests
changes in stress regimes, with drops in b-value poten-
tially indicating increased stress or fault locking, and rises
pointing to possible fracture opening or release of stress.
Meanwhile, the focal mechanisms show an alternation be-
tween strike-slip and strike-slip with normal components,
indicative of a transtensional regime. This type of faulting
suggests both lateral motion and some degree of exten-
sional force, which aligns with certain rises in the b-value,
as these could correspond to stress release events asso-
ciated with opening fractures or fault segments.

However, the alternation in focal mechanisms does not
perfectly mirror the exact timing or scale of b-value fluc-
tuations. Instead, both sets of data collectively point to a
variable stress regime but may reflect slightly different
aspects of the tectonic process. The b-value is a statistical
measure of earthquake magnitude distribution and tends
to capture broader stress trends, while focal mechanisms
provide a more direct view of the specific faulting style for
individual events. Together,; these analyses Alboran Ridge
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Fig. 10. Temporal evolution of the b-value within the seismic swarm sequence of the Alboran Ridge - Central Rif. The dotted blue line

indicates b+8b.

Puc. 10. 3Bosto1usl 3HaYeHUs b B paMKax pPOEBOH N0C/Ie[0BaTENbHOCTH 3eMJIETPSICEHUI 30HbI AIb6OpaHCKOro xpe6Ta - LleHTpasb-

Horo puda. CUHSSA NYHKTUPHAs JUHUS 0603HavaeT b+45b.
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Fig. 11. Temporal variation of earthquake focal mechanisms and cumulative number of earthquakes (ML>3) showing alternating

strike-slip and strike-slip with normal components.

Puc. 11. BpeMeHHble H3MeHEHUSI MEXaHU3MOB 04aroB 3eMJIETPSICEHUN U CYMMapHOTO KoJinyecTBa 3eMiieTpsiceHuit (ML>3), ykasbl-
BalolljMe Ha YepefiloBaHUe CABUTOB U CABUIOB CO COPOCOBOM KOMIIOHEHTOMN CMellleHU .

the region’s complex tectonic environment, where the inter-
play of strike-slip and transtensional forces may contribute
to the ongoing southern development of the AIFS.

6. CONCLUSION
This study investigates the spatial distribution of seis-
mic events in the Alboran Sea during 2020 and 2021, re-

vealing a heterogeneous pattern with distinct clusters of
heightened seismic activity concentrated in key seismogenic
zones: the Alboran Ridge - Central Rif (AR - CR), Granada
Basin (GB), and the Gulf of Cadiz (GCN). Magnitudes re-
corded range between 1.5 to 5.1. A seismicity-based ap-
proach is employed to pinpoint these clusters, utilizing
two parameters: earthquake kernel density and seismic
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moment kernel density. The analysis identifies two seis-
mic clusters: one situated north of Al Hoceima, specifically
in the southern segment of the AIFS, and another in the
Granada Basin. Furthermore, it reveals that these clus-
ters exhibit substantial energy release, particularly in the
southern part of the AIFS, with values reaching up to 1.6x
x10]/km2.year’. 3D seismic modeling conducted in the
region spanning from the central Rif to the Betic zone indi-
cates that the predominant seismic activity occurs at shal-
low depths, typically less than 40 kilometers, while fewer
earthquakes are observed at intermediate depths, rang-
ing between 40 and 200 kilometers. The concentration of
seismic events in northern Morocco exhibits a depth-ori-
ented eastward pattern, prompting speculation regarding
the presence of adjacent geological structures, potentially
linked to the AIFS system.

The main seismic event within the seismic swarm had
a magnitude of 5.1 and was centered at the southern edge
of the AIFS. Analysis of the focal mechanism of this event
reveals a left-lateral slip stress regime, with a dominant
nodal plane orientation of 14°/82°/-13° (strike/slip /rake).
Examining the sequence of seismic activity in the southern
Alboran Basin, a b-value close to 1, as derived from the
Gutenberg - Richter law, suggests a slip-dominated regime.
Further investigation into the variation of the b-value over
time exposes distinct stress regimes: an initial decrease
in stress with a b-value approximating one, succeeded by
a notable rise in the b-value indicating an extensional re-
gime, likely attributed to fracture opening. Subsequently,
these regimes alternate. The focal mechanism data reveal a
sequence of seismic events dominated by strike-slip fault-
ing, with occasional evidence of an extensional component.
The temporal variation of focal mechanisms throughout
the seismic swarm shows a shift between strike-slip and
strike-slip with normal components, suggesting a transten-
sional regime. This type of faulting suggests both lateral
motion and some degree of extensional force, which aligns
with certain rises in the b-value, as these could correspond
to stress release events associated with opening fractures
or fault segments, although the timing does not perfectly
match b-value fluctuations. Together, these findings high-
light a complex tectonic environment marked by strike-slip
and transtensional forces, supporting the ongoing southern
development of the AIFS, as suggested by several research-
ers [Buforn et al., 2017; Gracia et al., 2019].

The applied approach proposed by [Sharon et al., 2020]
has been used to map and localize the seismic swarm.
While this approach has demonstrated success, it remains
insufficient to fully comprehend this intricate phenome-
non. Thus, for a comprehensive analysis of the seismic
swarm sequence, it is highly advisable to employ fractal
theory [Mandelbrot, 1989] to quantify both the spatial and
temporal clustering of the earthquakes.
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