The 1992 Tafilalt seismic crisis (Anti-Atlas,
Morocco)

IThsane Bensaid, Taj-Eddine Cherkaoui,
Fida Medina, Bento Caldeira, Elisa
Buforn, Anas Emran & Youssef Hahou

Journal of Seismology

ISSN 1383-4649
Volume 16
Number 1

Journal

J Seismol (2012) 16:35-53

DOI 10.1007/510950-011-9248-5 Of

Seismology

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer
Science+Business Media B.V.. This e-offprint
is for personal use only and shall not be self-
archived in electronic repositories. If you
wish to self-archive your work, please use the
accepted author’s version for posting to your
own website or your institution’s repository.
You may further deposit the accepted author’s
version on a funder’s repository at a funder’s
request, provided it is not made publicly
available until 12 months after publication.

@ Springer



J Seismol (2012) 16:35-53
DOI 10.1007/s10950-011-9248-5

ORIGINAL ARTICLE

The 1992 Tafilalt seismic crisis (Anti-Atlas, Morocco)

Thsane Bensaid - Taj-Eddine Cherkaoui +
Fida Medina - Bento Caldeira - Elisa Buforn -
Anas Emran - Youssef Hahou

Received: 1 November 2010 /Accepted: 25 August 2011 /Published online: 10 September 2011

© Springer Science+Business Media B.V. 2011

Abstract The Tafilalt region, located at the eastern
end of the Anti-Atlas chain in Morocco, was shaken
on 23 and 30 October 1992 by two moderate
earthquakes of magnitude mb~5 and intensity~VI
MSK64, which caused two deaths and great damage
in the area between Erfoud and Rissani. The review of
data available on the seismic crisis allowed us to
improve the knowledge on the macroseismic, instru-
mental and source parameters of the earthquakes. The
main results of the present study are: (1) location of
the epicentres with the help of data from a close
portable network allowed us to propose new epicen-
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tral coordinates at 31.361° N, 4.182° W (23 October)
and 31.286° N, 4.347° W (30 October); both events
have focal depths of 2 km; (2) the shock of 30
October was followed by a series of 305 aftershocks,
most of which were located west of Rissani; the 61
best-constrained events had focal depths of 5 to
19 km and magnitudes 0.7 to 3; (3) the largest
damage was located in an area between the two
epicentres within the Tafilalt valley and was probably
amplified by site effects due to the proximity of the
water table within the Quaternary sediments; (4) focal
mechanisms of the main events correspond to strike-
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slip faulting with fault planes oriented N-S (left
lateral) and E-W (right lateral); the only mechanism
available for the aftershocks also corresponds to
strike-slip faulting; (5) spectral analysis shows that
the scalar seismic moment (Mo) of the first event is
slightly larger than the second; the corresponding
values of Mw are 5.1 and 5.0, respectively; (6) the
dimensions of the faults for a circular fault model are
7.7+1.4 and 7.4+1.2 km, respectively; the average
displacement is 4 cm for the first event and 3.7 cm for
the second; the stress drop is 0.4 and 0.3 MPa,
respectively, in agreement with standard values; (7)
the Coulomb Stress test performed for both earth-
quakes suggests a relationship between both events
only when the used location is at the limit of the
horizontal uncertainty; (8) finally, the occurrence of
these shocks suggests that the Anti-Atlas is undergo-
ing tectonic deformation in addition to thermal uplift
as suggested by recent publications.

Keywords Maghreb - Seismology - Seismotectonics -
Focal mechanisms - Rissani - Fault dimension -
Coulomb stress

1 Introduction

In the Ibero-Maghrebian area, the present-day con-
vergent plate motion of the Nubian plate with respect
to Iberia occurs along a NW-SE trend, as inferred
from plate kinematics (DeMets et al. 2010), focal
mechanism solutions (Medina 1995; Buforn et al.
1995, 2004; Henares et al. 2003; Medina and El
Alami 2006; Stich et al. 2006; de Vicente et al. 2008;
Pedrera et al. 2011) and GPS observations (McClusky
et al. 2003; Vernant et al. 2010). An almost
perpendicular NE-SW motion occurs in the central
Rif and its foreland (Fadil et al. 2006; Stich et al.
2006; Tahayt et al. 2009; Vernant et al. 2010) in
relation to a SW-verging tectonic escape process
(Chalouan et al. 2006). The total NW-SE conver-
gence rate of 4 mm year ' includes the rates observed
especially at recent chains such as the Rif, and the
High Atlas (~1 mm year ). The shortening is in great
part accommodated by earthquakes of low to moder-
ate magnitude (maximum Mw=6.3 at Al Hoceima in
2004) and generally shallow foci (Ben Sari 1978;
Hatzfeld 1978; Frogneux 1980; Cherkaoui 1988,
1991; Bezzeghoud and Buforn 1999; El Alami et al.
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2004), although a few events have focal depths of
100 km beneath the Middle Atlas (Hatzfeld and
Frogneux 1981; Cherkaoui 1991) and in northwestern
Morocco and adjacent Alboran area (Cherkaoui 1991;
Buforn et al. 2004).

South of the High Atlas active belt, the Anti-Atlas
(Fig. 1) has been classically considered as a relatively
stable area from the neotectonic and seismic aspects
because of the absence of major deformations and
historical records of major earthquakes (Roux 1934;
Elmrabet 2005), although some small shocks were
recorded during the last century (Cherkaoui 1988).

Despite the alleged stable character of the Anti-
Atlas, the Tafilalt region, located at its ecastern
termination, was shaken on 23 and 30 October
1992, by two moderate earthquakes of magnitude
mb~5 and intensity VII MSK64 (Cherkaoui 1993),
which caused two deaths and great damage in the area
between Erfoud and Rissani (Fig. 2a). Several
questions were arisen by these events as to: (1) the
occurrence of earthquakes and the nature of present-
day tectonics in this stable area; (2) the remarkable
lack of aftershocks after the 23 October earthquake
and the long series after the 30 October shock and (3)
the possible spatial relationship of both events.

Focal mechanisms for both shocks were deter-
mined by Harvard Centroid Moment Tensor (CMT
solutions) and by Jabour (1993) for the shock of 23
October (waveform analysis), suggesting strike-slip
faulting along N-S left-lateral and E-W right-lateral
planes. However, as Harvard CMT and Jabour’s
solutions appeared to be inconsistent with available
P wave data at regional distances, due to the use of
teleseismic data and a fixed depth (15 km) for shallow
earthquakes, we searched new solutions based on P
wave first motion data. Another important point was
the difference on focal parameters, especially on focal
depth, that varies from 5 to 29 km. The preliminary
results of our investigations (Bensaid et al. 2009) led
us to review all the data available on both events and
their effects, using new and older unpublished
seismological surveys and reports, geological updates
provided by hydrocarbon exploration research on the
structure of the region and geophysical studies across
the Atlas chain.

In the following sections, we review the focal
parameters (hypocentral relocation, energy), macro-
seismic effects, aftershock distribution and the source
parameters such as fault-plane solution, scalar seismic
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Fig. 1 Structural domains of Morocco (topography from NOAA) and location of the Tafilalt valley (inser)

moment, source dimension, the average displacement
and the stress drop. Then, we discuss the validity of
the data and the possible relationship between both
earthquakes and the implications on the tectonics of
the Anti-Atlas chain.

2 Geological setting

The Anti-Atlas chain extends ENE-WSW for about
700 km, from the Atlantic coast in the west to the
Tafilalt region in the east (Fig. 1). To the north, the
Anti-Atlas is separated from the seismically active
High Atlas intra-continental chain by the South Atlas
Front and the Ouarzazate and Souss foreland basins,
except at the Sirwa promontory, a thermally driven

plateau (e.g. Missenard et al. 2006). To the south, the
chain is bounded by the Tindouf basin, which is
considered as a post-Turonian lithosphere syncline by
Frizon de Lamotte et al. (2009). Eastwards, the Anti-
Atlas is relayed by the NW-SE trending Ougarta
chain.

The Anti-Atlas formations consist of a Precambri-
an crystalline and sedimentary basement overlain by a
thick (~4-9 km) Palaeozoic sedimentary cover and
thin Mesozoic and Cenozoic sediments (e.g. Choubert
et al. 1946—1955; Gasquet et al. 2008; Michard et al.
2008). The uplift of the Anti-Atlas is related to the
former High Atlas rift, when it formed its southern
shoulder during the Triassic—Jurassic (Frizon de
Lamotte et al. 2009) and more recently to the High
Atlas orogeny since the Middle Eocene (Malusa et al.
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4 Fig. 2 a Geological map of the Tafilalt valley (location in
Fig. 1). Geological contours and faults were taken from the
maps of Margat (1960) and Destombes and Hollard (1986),
georeferenced and vectorized by GIS tools and superimposed to
Landsat image p200r38 5t871007 (7/10/1987) obtained from
Global Land Cover Maryland University (http://glcf.umd.edu/
data/landsat/); b simplified N—S seismic section (RS08) across
the Tafilalt valley (after Robert-Charrue and Burkhard 2008,
simplified and completed; location in (a)) or Ordovician; si-d
Silurian and Devonian; /4Vi Lower Carboniferous

2007) and to an asthenospheric dome since the
Miocene (Teixell et al. 2005)

Regionally, the area between Erfoud and Rissani is
located along the oued Ziz and oued Rheriss common
valley, which runs N-S, perpendicular to the E-W trend
of the Eastern Anti-Atlas segment. The geological
formations in the area (Fig. 2a) consist of Precambrian
rhyolites and andesites, overlain by a folded and
faulted cover of Cambrian through Carboniferous
sedimentary formations, and unconformable Creta-
ceous flat-lying deposits affected by a few faults
(Margat 1960; Destombes and Hollard 1986).

The recent formations in the valley belong to
several cones, with up to 30 m thick Quaternary
alluvial and lacustrine deposits. Above the Palacozoic
basement, the lowermost deposits consist of marls,
lacustrine carbonates, gravels and conglomerates of
Tensiftian age (late Middle Pleistocene; 150-300 ky
according to the scale of Plaziat et al. 2008), overlain
by clays, gravels and silts (Margat et al. 1962) of
Soltanian age (latest Pleistocene; 10.5-32 ky). The
uppermost levels, on which the villages are generally
built, consist of 10 m thick clays.

The main tectonic events can be summarized as
follows (Toto et al. 2007; Malusa et al. 2007; Baidder
et al. 2008; Frizon de Lamotte et al. 2009): (1) a
syndepositional extensional regime from Cambrian to
Early Carboniferous times, which produced E-W
striking, northward- or southward-dipping normal faults;
(2) a Late Carboniferous through Permian NE-SW
compression leading to E-W trending folds and reverse
faults; (3) an erosional period until the deposition of
Cenomanian-Turonian carbonates of the Hamada and
Kem-Kem; (4) rapid uplift during the Neogene.

The shallow structural pattern (<5 km) is clearly
visible from field mapping (Baidder et al. 2008) and
published ONAREP seismic-reflection profiles RS-
8 (Baidder 2007; Robert-Charrue and Burkhard
2008), RS-6 and RS-10 (Toto et al. 2007). Despite
contradictory interpretations, one of the common

structures is the E-W striking Erfoud fault, which
can be considered as a major detachment fault that
bounds to the north the structural high located east
and southeast of Erfoud (Fig. 2b). This fault separates
the southern structural high from the Carboniferous
basin located to the north. According to Baidder
(2007) and Robert-Charrue and Burkhard (2008), the
internal structure of the high consists of a Precambrian
through Devonian series, affected by northward- or
southward-dipping normal faults separated by tilted
half-grabens. The strata close to the faults are folded,
probably as forced folds related to the motion on faults,
but some details point to later reactivation of the
structures by Variscan, and probably later alpine
compressional tectonics. The interpretation of Toto et
al. (2007) emphasizes compressional tectonics, but
normal faults were also interpreted south of the Erfoud
fault.

At depth, the seismic refraction (Wigger et al.
1992) and electrical resistivity (Schwarz et al. 1992)
measurements show that the Moho discontinuity is at
20 km depth and that the crust is of low P wave
velocity (6.0 km s™') between 12 and 20 km depth at
Erfoud. This conspicuous structure is interpreted as a
major, northward dipping detachment, which extends
far beneath the High and Middle Atlas chains (Giese
and Jacoshagen 1992).

Neotectonics in the area is relatively mild (Joly
1962); the main structures are the large ENE-WSW-
folds affecting the whole Anti-Atlas, and those
located along the South Atlas Front (SAF) which
may be locally important, with thrusting of Cretaceous
deposits onto Quaternary terraces (Malusa et al. 2007).
South of the SAF, the Cretaceous strata appear to be
just slightly affected by the deformations related to the
High Atlas orogeny (Zouhri et al. 2008). Close to
Erfoud, Rousseau et al. (2006) reported the presence of
a 300-ka travertine (the Irdi travertine), which displays
dislocations which may be related to palacoseismicity
(Plaziat et al. 2008). These deformations may also be
related to remote seismic activity, as that of the SAF.
Recent fission track and tectonic studies by Malusa et
al. (2007) in the Saghro and Ougnat areas 90 km west
of the Tafilalt valley show that after a slow Mesozoic
uplift, the Anti-Atlas underwent fast exhumation
(~2 km) since the Miocene. The NNE-SSW to
NNW-SSE compressional structures observed in the
field along ENE-WSW trending faults are assigned to
the Late Neogene to Present-day tectonics.
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3 Seismicity
3.1 Regional seismicity

Seismicity of Morocco is characterized by the
occurrence of low to moderate earthquakes at shallow
depth (less than 40 km). Distribution of earthquakes
with magnitudes >3.0 in Morocco and surrounding
areas for the period 1970-2010 are shown in Fig. 3a.
Data were taken from the file of Moroccan events for
the 1901-1984 period (Cherkaoui 1988), completed
by shocks recorded from 1985 to 2010. Most
epicentres are located at the northern part of Morocco
and are associated to the E—W plate boundary
between Eurasia and Nubia and roughly following
the Mediterranean coast (see the recent review by
Buforn and Udias 2010). The most seismic region is
the Al Hoceima area, where two damaging earth-
quakes occurred in 1994 (Mw=6.0) and 2004 (Mw=
6.3). A second alignment of epicentres corresponds to
shocks located in the High Atlas. Most earthquakes
have shallow depths (less than 40 km) and only some,
located in the Atlas and Northwest Morocco, have
foci at intermediate depth (70 km</A<153 km) (Hatzfeld
and Frogneux 1981; Cherkaoui 1991; Buforn et al.
2004). This intermediate depth seismicity is not related
to any subduction zone in the Atlas, as indicated by
surface geology (Seber et al. 1996).

The 23 and 30 October earthquakes (Fig. 3a, b) are
located south of High Atlas in the Tafilalt region,
characterized by a low seismic activity, as inferred
from the Moroccan catalogue 1901-1984 (Cherkaoui
1988), completed for the period 1985-2010. In this
region, most epicentres are associated to the High
Atlas and correspond to moderate (magnitude less
than 5.0) shallow events (2<40 km). However, some
earthquakes occur south of the Atlas Front (the
Boumalne-Tineghir—-Goulmima line; Fig. 3b), the
largest are the 23 and 30 October 1992 earthquakes.
In this region, from 1901, 15 earthquakes have
reached maximum intensities V MSK, but only four
have caused severe damage: the Assoul 1960 (mb=
4.7 and Io=VI) and 1986 (mb=4.9 and lo=V)
earthquakes, and the 1992 Rissani shocks. In terms
of magnitude, the larger earthquake that occurred in
the area previously to the 1992 shocks is the 1994
event (mb=4.6) located south of Boudenib.

An important problem for the seismic survey of
this region is the instrumental errors on the hypocen-
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Fig. 3 a Seismicity of Morocco and surrounding areas from p»
1970 to 2010 (magnitude M>3.0). Data for the period 1970-
1984 are based on Cherkaoui (1988) catalogue, completed with
events recorded between 1985 and 2010. /, 2 the 23 and 30
October Rissani earthquakes, respectively. b Seismicity of
southwestern Morocco for the period 1901-2010. H.A. Dam
Hassan Addakhil dam

tral determinations, due to the large distance to the
Moroccan permanent seismological networks; the
nearest station, installed in 1973, is located in Hassan
Addakhil dam, at 27 km NW of Errachidia, and about
80 km north of Rissani (H.A. in Fig. 3b). However,
this station underwent severe technical problems,
which led to frequent periods of interruption of
recording.

3.2 The 23 and 30 October 1992 earthquakes

There are different hypocentral determinations for the
23 and 30 October earthquakes. In Table 1, hypo-
centers estimated by the International Seismological
Centre (ISC; ISC 1992), NEIC and Hahou et al.
(2003) are given. In this study, we have carried out a
new location for the 23 and 30 October shocks based
on additional data collected from 16 short-period
vertical-component portable stations installed by the
Institut Scientifique team near Khénifra (200 km NW
of Erfoud) from 29 September to 30 October 1992.

The hypocentral locations were determined using the
revised version of the HYPO71 computer programme
(Lee and Valdés 1985) and a standard velocity model
for Morocco with V,/V=1.74 (Frogneux 1980). The
epicentral coordinates are 31.361° N, 4.182° W (23
October) and 31.286° N, 4.347° W (30 October)
(Fig. 3b). These new locations (Table 1) show similar
ERH values (4.0 and 5.0 km) to those of ISC (4.2 km
in both cases), but lower ERZ (5.2 and 6.0 km versus
9.6 km). The RMS (0.54 and 0.7 s) are also lower in
comparison to those of NEIC (1.08 and 1.23 s) and
ISC (1.13 and 1.33 s).

A remarkable fact is that the network installed by
the CNRST from 24 to 28 October in the epicentral
area after the first shock and composed by five
analogue short period stations (Kinemetrics Instru-
ment Model PS-2) located in an area of 100 km? in
the epicentral area did not record any aftershock
(Hahou 2005).

The Khénifra portable network was transferred to
the Rissani area immediately after the 30 October
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Table 1 Location of the main shocks by different institutions and authors

Date Origin time Coordinates Depth (km)  Magnitude RMS (sec)  Author
Lat N Long W ERH
23 Oct 1992 09:11:09.0 31.355°-4.318° 28.6 mb=5.3 Mw=5.6 1.08 NEIC
09:11:05.5 31.294°-4.325° 4.2 5.4+9.6 mb=5.2 1.13 ISC
09:11:12.0 31.466°-4.116° 14 Md=5.2 Hahou et al. 2003
09:11:08.5 31.361°-4.182° 4.0 2.0+£5.2 Md=5.2 0.54 This paper
30 Oct 1992 10:43:58.4 31.284°-4.372° 25.6 mb=5.1 Mw=5.6 1.23 NEIC
10:43:55.8 31.246°-4.381° 4.2 8.0+9.6 mb=5.1 1.33 ISC
10:44:02.0 31.432°-4.507° 16 Md=5.3 Hahou et al. 2003
10:43:58.1 31.286°-4.347° 5.0 2.0£6.0 Md=5.1 0.7 This paper

ERH is the standard horizontal error in kilometres

shock. Nine portable analogical stations were installed
in the main epicentral area. This network was
operational from 31 October at 03:00a.M. (UT)
through November 8 (Fig. 4a). The Sprengnether
MEQ 800 smoked-paper portable stations were
connected to a 1-Hz vertical component seismometer
and equipped with internal quartz clocks and a HBG
antenna. The geometry of the network was chosen so
as to cover the epicentral area (about 500 km?) with
an approximate meshing of 17 km. A preliminary
report was carried out by Cherkaoui (1993).

A total of 305 aftershocks were recorded during
the survey. The seismic activity was intense during
the first 5 days, as reflected by the 85 events that were
recorded on 1% November alone, but decreased
afterwards, until becoming insignificant on 8 Novem-
ber with only one recorded event (Fig. 4b). Nine
aftershocks were felt with intensities V to I MSK.
The hypocentral locations were determined using the
revised version of the HYPO71 computer programme
(Lee and Valdés 1985) and a standard velocity model
for Morocco with V,/V=1.74 (Frogneux 1980).
Magnitudes were calculated from signal duration
using the formula:

Md = a+blog(r) +cA (1)

Where 7 is the signal duration (in seconds), A is the
epicentral distance (in kilometres), and a, b, ¢ are
constants which were calculated for each station by the
least squares method, using data recorded by the seismic
permanent network of Morocco. For the latter, the
magnitudes Md were calibrated against magnitudes mb
determined by ISC and USGS (Cherkaoui 1988, 1991).

@ Springer

We selected 61 aftershocks whose hypocenters
showed the least errors (RMS<0.2 s; ERH and ERZ
<2 km). Their magnitudes are from 0.7 to 3.0, and the
focal depths are from 5.0 to 19.0 km (Fig. 4a), which
probably is the limit between the upper crust and the
lower crust. The aftershock distribution map (Fig. 4a)
shows that the seismic activity was exclusively
concentrated west of Rissani within an area of
approximately 182 km? (13 x 14 km) with a distribu-
tion of epicentres in NW-SE direction.

A vertical E-W section across the aftershock area
(Fig. 4c) shows an increase of the depth of foci
towards the west; however, no precise relationship
with faults could be delineated, because all the shocks
are beneath the faults depicted in the seismic section
of Fig. 2b, which is a time section.

4 Macroseismic data

The 23 October shock was felt within a large area
south of the High Atlas and caused widespread
damage. According to Hahou et al. (2003) the walls
of most adobe constructions suffered large cracks or
even partial destruction, while total collapse was
observed in several cases. Other reported effects
included rock falls in the High Atlas, ground fissures
and cracks in the epicentral area and surrounding
region. According to these observations, Hahou et al.
(2003) assigned maximum intensity VIII (MSK) to
the epicentral region.

The 30 October shock also was felt at a large
distance (about 250 km from the epicentre). The
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Fig. 4 a Distribution of 61 aftershocks recorded from 31
October to 8 November 1992 with the focal mechanisms for
the main shocks (1 and 2) and the largest aftershock (Md=3.0)
determined in this study. The triangles represent the temporary
seismic stations installed in Rissani area. E-W the location of the

macroseismic study is based on 117 questionnaires
together with a field survey and in situ observations
of the damage produced within a radius of 30 km
around the epicentre, with the exception of the

vertical cross-section in (¢). b Daily frequency of aftershocks
(Md>0.6) recorded from 31 October to 8 November 1992 by
Cherkaoui (1993). The numbers above the bars correspond to the
recorded maximal magnitudes per day. ¢ Vertical E-W cross-
section of the aftershock distribution (location in Fig. (a))

western part because of the low population density.
A problem in this study has been the correct
separation of effects produced by the 23 and 30
October shocks. In consequence, some intensity

@ Springer



44

J Seismol (2012) 16:35-53

values assigned to the 30 October earthquake may be
overestimated.

In order to evaluate the damages, the constructions
were subdivided into three categories, based on their
resistance to seismic shocks: (1) traditional buildings
made of poor local materials (wood, adobe, cut stone
and adobe); (2) more recent classical masonry build-
ings (massive stone); (3) modern reinforced concrete
constructions. Constructions of category (1) represent
more than 90% of the fortified villages (Ksour), and
less in the cities of Erfoud and Rissani. Most
constructions of this category were destructed or
became uninhabitable, because of partial structural
failure of roof and floors. Buildings in classical
masonry (Category 2), e.g. individual houses, public
buildings such as the hospital, schools and modern
apartments with a correct seismic resistant structure,
are predominant in Erfoud and Rissani. However, in
Rissani, some recent public buildings (such as the
police station, the tax office, the Hassan II secondary
school and the youth club) were affected by large and
extensive wall cracks, leading to their closure.
Constructions of Category 3 did not suffer any
damage.

The largest damage (/=VII and VI MSK64) was
observed within an area of 2,000 km?, oriented NW-
SE, including the ksour of Hessasna, El Khandek,
Hannabou, El Krair and El Bouiya (Fig. 5). This zone
is located in between the epicentres of the 23 and 30
October shocks and may explain the large damage
observed, because of its proximity to both epicentres.
This could also reflect a site effect or a fault trend, as
we will discuss later.

5 Focal mechanisms

Focal mechanisms of these events, were estimated by
Harvard CMT solutions and by Jabour (1993) from P
and SH waveform analysis (broadband station
ANTO); they correspond to strike-slip faulting along
N-S left-lateral and E-W right-lateral planes (Table 2).
As the Harvard CMT and Jabour’s solutions appeared
to be inconsistent with P data at regional distances,
we tried to construct a new fault-plane solution that
takes into account the regional stations.

The used data correspond to the Khenifra tempo-
rary network installed in this area from 29 September
to 30 October 1992 at 12 h UT, the permanent Institut
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Scientifique and CNRST networks and the Instituto
Geografico Nacional (IGN, Madrid, Spain) stations at
less than 1,000 km, together with Tunisian and Ivory
Coast stations and some Geofon and Geoscope
stations at epicentral distances between 1,000 and
2,500 km. Quality of first motions, as illustrated by
Bensaid et al. (2009), varies from excellent (Moroc-
can network) to poor (some Tunisian stations). The
stations were chosen so as to cover all quadrants of
the focal sphere, especially the southern and south-
eastern quadrants, which are generally poorly covered
in most solutions for Moroccan earthquakes.

Fault plane solutions have been obtained from first
motion of P waves, using the algorithm developed by
Brillinger et al. (1980) to estimate fault plane
orientation, their errors and score for both shocks. A
crustal-specific model for Morocco, formed by two
flat layers (12 and 18 km, respectively) with constant
velocity 6.0 and 6.75 km s ', has been used to
estimate the take-off angles for stations at regional
distances (less than 1,000 km). These velocities are
constrained by seismic refraction data from Schwarz
and Wigger (1988) and Wigger et al. (1992). For
stations at larger distances, we have used the IASPEI
model.

The best solution for the 23 October shock
(Table 2, Fig. 6) is based on polarity data
corresponding to the permanent Institut Scientifique,
CNRST, IGN and Geoscope networks, together with
the Tunisian and Ivory Coast stations. It corresponds
to strike-slip faulting with a small component of
normal faulting. The fault planes are near the vertical
(dip 71° and 89°, respectively) and oriented in N-S
and E-W directions (strike 359° and 89°, respective-
ly). The P and T axes are horizontal and oriented
NW-SE and NE-SW, respectively. The solution is
well constrained with estimations of P and T errors
less than 15°, the total number of data is 30 and the
score 0.97. With respect to Harvard CMT and
Jabour’s solution, ours shows an opposite direction
of dip for the N-S plane, constrained by the position
of stations TAM, LIC, ANTZ, CIA and EPRU.

The fault-plane solution for the 30 October shock
(Table 2; Fig. 6) is based on 17 polarities
corresponding to data of the Institut Scientifique,
CNRST, IGN and Geoscope permanent networks
together with temporary stations installed near Khéni-
fra. It also shows strike-slip faulting with a small
component of reverse motion. The fault planes are



J Seismol (2012) 16:35-53 45

4°30'0"W 4°0'0"W
]

(= o e et <
31°30'0"N | e —— - 31°30'0"N
GG fl oo o g
adi 3." ! =3 I - W ~
iy’ 5
Vil El Krair -
- L J

VIl El Haroun |

. 4°00"W
012 4 6 8 10 Kilometers
L1111

Fig. 5 Observed distribution of macroseismic intensity values for the shock of 30 October 1992, based on data collected by
Cherkaoui (1993). Blue circles (1 and 2) show the epicentres of the 23 and 30 October shocks

oriented N-S and E-W (strike 9° and 277°) and very by stations OUK and CHIE. Both planes are of opposite
close to the vertical (dip 73° and 83°). The P and T axes dip with respect to Harvard’s solution.

are horizontal and oriented NW—SE and NE-SW. This Among the 305 aftershocks recorded by the
solution is well constrained with estimation of axes temporary network installed by the Institut Scientifique
errors less than 15° the score is 1.0, but we have a lower it has been possible to estimate only the fault-plane
number of observations (17 versus 30 for the 23 October solution for the earthquake that occurred on 6 November

shock). The dip of the E-W plane is tightly constrained 1992 at 4 h 9 min, recorded at nine stations. The

Table 2 Parameters of the focal mechanism solutions determined by the present authors and Harvard

Event Plane A (°) (®, 0, ) Plane B (°) P axis (°) (Tr; pl) T axis (°) (Tr; pl) Method Reference
23 October 1992 187; 69; 012 92; 78; 158 141; 07 048; 24 CMT Harvard
093; 82; 174 Not indicated 318; 01 048; 10 Waveform Jabour (1993)
analysis
359+9; 71+9; —1+11 89+11; 89+10; —161+9 316+£10; 14+10; 223+09; 1309 FM This paper
30 October 1992 090; 72; 176 181; 87; 018 314; 10 047; 15 CMT Harvard
9+11; 73+14; 7+11 277+12; 83+10; 163+14  324+12 07+12 232411 16+12; FM This paper
6 November1992 207+116; 70+£86; 005+20 115+27; 86+69; 159+115 163+113; 11+£65 69+116; 1868 FM This paper

CMT Centroid Moment Tensor, FM P wave first motion, & strike, 0 dip, 4 slip, 7 trend, PL plunge, N number of stations used
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Fig. 6 Focal mechanisms
(Schmidt net, lower
hemisphere) of the 23
October 1992 (a), 30 October
1992 (b) and 6 November
1992, shocks. Empty circles
dilatations; fill circles
compressions; empty triangle
T-axis; full triangle P-axis

obtained solution (Table 2 and Fig. 6) corresponds also
to strike-slip motion with a small reverse compo-
nent, but the fault planes are oriented NNE-SSW
and WNW-ESE. The P and T axes are horizontal
and oriented NNW-SSE and ENE-WSW. In this
case, estimation of errors for planes and stress
axes is very high (Table 2) due to the low number
of observations (9), despite the high score (1.00).

6 Scalar moment and source dimensions

The scalar seismic moment and source dimensions
were estimated from spectral analysis using the model
of Brune (1970). Data available correspond to four
broadband stations located in Europe (FUR, AQUA
and WET) and northern Africa (TAM) (Fig. 7 and
Table 3) at epicentral distances between 12° and 23°.
At lower distances, available data are analogical or
digital short period.

@ Springer

23/10/1992 30/10/1992

06/11/1992

The scalar seismic moment has been estimated using
the amplitude spectra of P waves (Udias 1999). The
radiation pattern for each station was computed from
the fault plane solution estimated previously. From the
corner frequency, we have estimated the dimensions
using a circular model for the rupture. The average
displacement and stress drop have been estimated from
scalar moment and dimensions (Udias 1999).

The obtained scalar seismic moment (Mo) is
similar for both events (Table 4), the 23 October
event (Mo=6.03x10'® N m) being slightly larger than
the 30 October shock (Mo=5.03x10'"® N m). The
corresponding values of Mw are 5.1 and 5.0,
respectively.

For a circular fracture model, the dimensions of the
faults (2a) are 7.7+1.4 and 7.4+1.2 km, respectively.
From these values, and taking p=3.2x10* MPa for
both events, we obtain an average displacement of
about 40 mm for the first event and 37 mm for the
second one.
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Fig. 7 Spectra of the 23
October (upper panels) and
30 October (lower panels)
earthquake determined from
the records of station TAM.
Top original record; bottom
left instrumental response
removed; bottom right
spectrum
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The stress drop estimated using the expression:

M,
T 1643

Ao (2)

Where a is the source dimension, leads to values of
0.4 and 0.3 MPa, respectively, in agreement with
standard values (Kanamori and Anderson 1975).
These results are somewhat different from those of
Jabour (1993), who obtained for the 23 October event

1
[
y. 4 ¢ 2 4 f
10°
Frequency (Hz)

a scalar moment Mo=0.008x10%> dyn cm (=8x
10'® N m), a dislocation of 5.6 cm and a stress drop
of 7.8 bar (=0.78 MPa) using equation Ac=2.5 Mo/
S'% (S being the fault area).

Comparison between the records corresponding to
the broadband stations for the 23 and 30 October
earthquakes (Fig. 7) shows that both shocks have
similar waveforms with the same amplitude and
frequency. This confirms the similarity on the rupture
process.
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Table 3 Parameters of the ] ]
stations used for the spectra, Station A (km) Azimut Mo Nm a (km)

and results
23/10/92 30/10/92 23/10/92 30/10/92 23/10/92 30/10/92  23/10/92 30/10/92

FUR 2439 2294 30.77 31.10  8.90x10'®  7x10' 447 4.47
AQU 1980 1980 4731 4759 11.46x10'¢ 8.78x10'®  2.79 2.79
A epicentral distance, Mo WET 2439 2454 31.17 31.47  1.66x10' 2.97x10'°  3.72 3.72
seismic moment, a rupture TAM 1350 1357 13233 131.55  2.10x10'® 1.27x10'  3.72 2.79
length
7 Discussion we attempt a tentative model based on the following
considerations:

7.1 Area of largest damage vs instrumental epicentres
1. The shallow character of foci (2 km depth) and the

The largest damage (/=VII and VI MSK64) was strike-slip motion with near-vertical faults oriented
observed over an area of 2,000 km? (ksour of N-S and E-W exclude the intra-crustal gently
Hessasna, El Khandek, Hannabou, El Krair and El dipping detachment faults (Wigger et al. 1992) as
Bouiya (Fig. 5)) located close to the epicentres of the possible sources of the main shocks of Rissani.
23 and 30 October shocks. Comparison of the local 2. In addition, as no N-S faults were observed on the
intensities to the geological and topographic maps seismic profiles, the major faults in the area have a
shows that the area of largest damage clearly does not predominantly E-W strike. The two major faults
match the instrumental epicentres (Fig. 5); therefore, with this strike are the Erfoud Fault, and the fault
we infer that the damage may have also been a running across the line Rissani-El Haroune line, at
consequence of a site effect, involving amplification the centre of the section in Fig. 2b. As the Erfoud
of the seismic waves by the Quaternary sediments of fault seems to have remained inactive during the
the valley. Liquefaction of sediments beneath the seismic crisis, the Rissani-El Haroune fault appears
villages was not observed but is highly probable to to be the one that generated the earthquakes.
have occurred, given that the water table is at shallow 3. Despite large horizontal uncertainties, the two
depth, in the range 4-20 m only (Margat et al. 1962; main epicentres are aligned along the Rissani-El
Ruhard 1977) and that some observations reported Haroun trend.
rising of the water level of wells in several localities 4. The first shock was not followed by any
along the Ziz river (Cherkaoui 1993). aftershock sequence, so we suppose that the
displacement created by the first shock was not
7.2 Relationship between both earthquakes accommodated immediately, but after one week by
the second shock.
7.2.1 Structural and seismic considerations 5. Almost all aftershocks are located west of Rissani,
an area corresponding to the probable westward
Because of the lack of structural field studies after the termination of the Rissani-El Haroune fault line.
occurrence of the earthquakes and the few aftershock Therefore, they should be interpreted as a compres-
data available, a precise seismotectonic model cannot sional tip line of the E-W fault, as attested by the
be proposed for the seismic crisis of 1992. However, focal mechanism of the largest aftershock.

Table 4 Source parameters calculated from the spectra

Event Mo (Nm) Mw 2a (km) N Au (cm) Ao (MPa)
23 October 1992 6.03x10'¢ 5.1 7.73+1.38 4 4 0.4
30 October 1992 5.07x10' 5.0 7.36+1.2 4 3.7 0.3

Mo seismic moment, Mw moment magnitude, 2a rupture length, Au displacement along the fault, Ao, stress drop
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7.2.2 Coulomb stress failure test

It is well known that earthquakes occur when fault
stresses increase to levels that exceed a critical
threshold for fault rupture (e.g. Scholz 1990). Several
studies reveal that any additional stress to a fault
system may initiate the rupture process that produces
an earthquake. Harris et al. (1995) inferred that
>0.1 bar of transferred stress was capable of trigger-
ing earthquakes; Stein et al. (1994) affirm that
moderate strike-slip earthquakes can occur in regions
where the stress change on optimally oriented vertical
faults is increased by >0.3 bar; Métivier et al. (2009)
find that the additional stresses, with magnitudes less
than 0.04 bar, produced by Earth’s tides, might also
trigger earthquakes.

In order to test the previous assumptions, Coulomb
Stress Change (CSC) has been estimated through
Coulomb programme (Toda et al. 2005; Lin and Stein
2004) considering the parameters listed in Table 4 and
rigidity ;=3.2x10* MPa, Poisson’s ratio=0.25 and
Young modulus=8x 10° bar, values habitually used in
this type of calculus (Freed and Lin 2001). To estimate
the CSF, we needed considering rectangular sources
with the same area than those calculated from Brune
model (S1=48 km?=8x6 km; S2=36 km*=6x6 km).

In a first attempt, the results performed combining the
four planes obtained from focal mechanisms (Table 2)
show that in the four cases, the stress field changes
produced by the first event have low values (~0.02 bar)
at the proximity of the second event source. Figure 8a
shows the case in which the E-W planes are considered.
This may be due to the low moment magnitude (Mw) of
earthquakes (~5) and the too large distance between the
determined epicentres (17.7 km).

In a second attempt, CSC was calculated taking
into account the estimated horizontal errors in the
location (Table 1). The new coordinates used are
31.341° N; 4.217° W (23 October) and 31.317° N;
4.301° W (30 October), and the distance between
both epicentres decreases to 9 km. Three cases were
considered using the E-W planes (Fig. 8b—d):

1. In case 1 (Fig. 8b), stress change produced from
the source 1 on a horizontal plane at 2 km depth,
considering receiver sources with geometry as in
source 2, shows the increase of stress in hypo-
center region of the 30 Oct. earthquake (~0.3 bar)
that favours the rupture.

2. In case 2 (Fig. 8c), the maximum stress change
produced from source 1 to a range of horizontal
planes between 0 and 20 km depth, and a fault
geometry as source 2 (receiver source), shows an
increase of Coulomb stress of ~0.3 bar to the 30
October considered epicentre. The equality be-
tween the obtained values in cases 1 and 2
confirms to be the 2 km the more probable depth
to the event of 30 October.

3. Case 3 (Fig. 8d) shows the maximum stress
change produced from the two sources together to
a range of horizontal planes between 0 and 20 km
depth to a characteristic receiver source and the
aftershocks recorded.

The tested cases show that the Coulomb stress field
change produced by the 23 October event is consid-
erable and positive (~0.3 bar) in the proximity of the
30 October event. So, by this calculus, we can admit
that the 23 October event may have induced the 30
October earthquake. However, the aftershocks do not
match correctly the areas of positive increase of
stress, which may be related to location of the main
shocks.

7.3 Thermal and tectonic components of the Anti-Atlas
relief

As presented in sections 1-3, the Anti-Atlas is
generally considered as a foreland chain, tightly
related to the inversion of the High Atlas Triassic—
Jurassic rift during the Tertiary and the Quaternary.
Geophysical studies based on seismic tomography
(Seber et al. 1996) and modelling of geothermal,
topographic and gravity data (Teixell et al. 2005;
Missenard et al. 2006) have suggested that a large
asthenospheric dome extends across the Anti-Atlas
from the Canary Islands to Northern Morocco. As a
consequence, the uplift of the Anti-Atlas is considered
to be mainly related to the thermal anomaly (Frizon
de Lamotte et al. 2009), or involving a small tectonic
component (one third of the total relief), as can be
inferred from the differences in topography obtained
with or without a thermal component (Missenard et
al. 2006). The concept of a neotectonic stability is
clearly questioned by Zouhri et al. (2008), based on
the observation of seismites in the Miocene deposits
at Tourt. In addition, the occurrence of large wave-
length deformation of the sub-Saharan lithosphere
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Fig. 8 Coulomb stress tests for the Rissani earthquakes. a Case
in which the E-W planes are considered using the original
coordinates: 31.361° N; 4.182° W (23 October) and 31.286° N;
4.347° W (30 October). b—d CSF calculated taking into account
the estimated horizontal errors in the location (Table 1) and new
coordinates 31.341° N; 4.217° W (source 1: 23 October) and
31.317° N; 4.301° W (source 2: 30 October) which reduce the
distance between both epicentres to 9 km; b stress change

during the Late Cretaceous-Neogene is considered as a
far field effect of the Atlas orogeny, namely a
compressive deformation of the sub-Saharan lithosphere
(Frizon de Lamotte et al. 2009).

The occurrence of the Rissani earthquakes implies
that a seismo-tectonic component should be taken into
account in the build-up of the chain. The main
problem is that there is little knowledge on the history
of earthquakes in the area, because of the lack of
historical studies and probably because the low
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produced from the source 1 on a horizontal plane at 2 km
depth, and a fault geometry as in source 2 (receiver source); ¢
maximum stress change produced from source 1 to a range of
horizontal planes between 0 and 20 km depth, and a fault
geometry as source 2 (receiver source); d maximum stress
change produced from the two sources together to a range of
horizontal planes between 0 and 20 km depth and to a
characteristic receiver source and location of aftershocks

density of population in these pre-Saharan areas, due
to a nomad way of life until recent times. Also, the
recurrence period of such events is certainly larger
than the instrumental period (110 years).

It can be argued that the strike-slip motion
determined cannot produce any relief, and thus do
not contribute to uplift. However, (1) in the case of
the Tafilalt crisis, the inferred fault plane is oblique to
the NW-SE trending regional maximum compressive
stress in Morocco (see references in section 1); (2) the
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focal mechanisms are similar to those determined in
the High Atlas (Medina and Cherkaoui 1992; Medina
2008), which has undergone considerable uplift; (3) it
is certain that there has been recent reverse faulting
which produced (small) relief as recorded in the
Ouarzazate basin (Sébrier et al. 2006); (4) it is
difficult to observe recent faulting and relief increase
in the axial zone of the Anti-Atlas chain because of
the absence of depositional features; therefore, only a
detailed morphologic study comparable to that of Joly
(1962) could lead to a better knowledge of the
neotectonics of the area.

8 Conclusions

The review of the data available on the Tafilalt
seismic crisis of October—November 1992 allowed
us to precise the macroseismic, instrumental and
hence the source parameters of the major earthquakes.
The main results of the present study are:

1. Relocation with the help of a close portable
network allowed us to propose new epicentral
coordinates, which are 31.361° N; 4.182° W (23
October) and 31.286° N; 4.347° W (30 October).
Both events have focal depths of 2 km.

2. The shock of 30 October was followed by a series
of 305 aftershocks mostly located west of Rissani,
61 of them having depths of 5 to 19 km and
magnitudes 0.7 to 3.

3. The largest damage, attaining VII on MSK64
scale, was observed in an area located between
the two epicentres within the valley and may have
been increased by site effects due to the proximity
of the water table.

4. Focal mechanisms of the main events correspond
to strike-slip faulting with the fault planes
oriented N—S (left lateral) and E-W (right lateral).
The only mechanism available for the aftershocks
also corresponds to strike-slip faulting.

5. Spectral analysis shows that scalar seismic mo-
ment (Mo) of the first event is slightly larger than
the second. The corresponding values of Mw are
5.1 and 5.0, respectively.

6. The dimensions of the faults for a circular fault
model are 7.7+1.4 and 7.4+1.2 km, respectively.
From these values, we obtained an average
displacement of 4 cm for the first event and 3.7 cm

for the second. The stress drop is 0.4 and 0.3 MPa,
respectively, in agreement with standard values.

7. The Coulomb Stress test performed for both
earthquakes suggests a relationship between both
events only when the used location is at the limit
of the horizontal uncertainty.

8. Finally, this crisis suggests that the Anti-Atlas is
undergoing tectonic deformation, and not only
thermal uplift, as suggested by recent publications.
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