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The Atlas region in northwest Africa is characterized by the Quaternary volcanism and elevated
topography with past complex tectonic mitigation between the African and European plates. Geo-
dynamics of this atypical region has left indubitably imprints in crustal architectonics, mainly regarding
the crustal thickness as well as the crustal density structure. The knowledge of crustal thickness varia-
tions is of a significant interest, since it provides a crucial constraint to geodynamic and geophysical
modelling of this region. In this study, we use gravity, topographic, bathymetric and sediment data
together with results of seismic surveys to image the Moho topography beneath the Atlas region. The
Bouguer gravity anomalies used for a gravimetric Moho recovery are obtained from the free-air gravity
anomalies after subtracting the gravitational contributions of topography, bathymetry and sediments.
The regional gravimetric Moho inversion constrained on seismic data is carried out by applying a
regularized inversion technique based on Gauss-Newton's formulation of improved Bott's method, while
adopting Earth's spherical approximation. The numerical result reveals relatively significant Moho depth
variations in the Moroccan Atlas, with minima of approximately 24 km along continental margins of the
Mediterranean Sea and maxima exceeding 51 km beneath the Rif Cordillera. The Moho depth beneath
the West African Craton varies from 32 km in its southern margin to 45 km beneath the Middle Atlas. The
Tell Atlas is characterized by the shallow Moho depth of approximately 22 km and further deepening to
42 km towards the northern edge of the Aures Mountains. Our findings indicate a limited tectonic
shortening of the High Atlas with the crustal thickness mostly within 36e42 km. Topographic discrep-
ancies between the Rif Cordillera and the Atlas Mountains suggest that the hypothesis of isostatic
compensation cannot be fully established.
© 2019 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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1. Introduction

The Atlas Mountains evolved through a long and complex
geological history, which formed an intra-continental mountain
belt that resulted from the convergence between the African and
Eurasian plates. This process began in the Late Caenozoic and
continues to present times [1e3]. As the result, the crustal structure
of this region is composed of a variety of different geological units.
The crustal variability is one of the most important factor that
manifests a tectonic evolution of this region. Its nature and geo-
dynamic settings have been the subject of numerous studies,
especially over last few decades. Among published results, we
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could mention seismic studies by Van den Bosch et al. [4], Makris
et al. [5], Wigger et al. [6], Van Der Meijde et al. [7], Urchulutegui
et al. [8], Bezada et al. [9], Spieker et al. [10], De Lis Mancilla and
Diaz [11], Saki et al. [12], Diaz et al. [13], Jessell et al. [14], Ebinger
et al. [15], or Civiero et al. [16]. Gravimetric studies of this region
were conducted, for instance, by Mickus and Jallouli [17], or more
recently by Jallouli et al. [18]. Despite having significant knowledge
about the geology and formation of the Atlas region, a broader
image of detailed crustal configuration of the whole region
including the West African Craton is not yet available. This is
particularly relevant to margins between the Atlas and the West
African Craton due to a lack of seismic data there. Even the reso-
lution of existing Moho and crustal structure models is still low in
areas such as the Saharan Atlas, Tell and Aures Mountains, where
the crustal structure and the Moho geometry are estimated only by
extrapolating from sparsely located seismic data points. The Moho
depth obtained from ground-based gravity data [17,18] for the
Morocco Atlas was produced and published, but only for some
areas, not the whole region. Thus, there is still a necessity to update
a Mohomodel of the entire Atlas region using available seismic and
gravity data and applying advanced regional inverse techniques.
Due to a lack of ground-based gravity data, satellite gravity infor-
mation is used to improve the understanding of crustal configu-
ration, particularly in regions with a sparse or missing seismic data.

To address this issue, in this studywe provide a broader image of
the Moho topography beneath the Tell and Atlas orogenic belts
including adjoining parts of the West African Craton. The estima-
tion of the Moho depth is realized through the analysis of gravity
data integrated with the results of major seismic experiments that
are used as physical constraints. Gravity information is particularly
important to interpolate the crustal structure in regions with a
sparse seismic data coverage in Algeria, compared to a relatively
detailed coverage ofMorocco and Tunisia by seismic surveys. In this
study, we compiled the detailed Moho model of the whole region
that allowed us to interpret the crustal configuration more realis-
tically in the context of geological structure and tectonism.

The study begins with a brief geological and tectonic classifi-
cation in section 2, followed by an overview of existing studies of
the Atlas region in section 3. Input data and methods used for a
gravimetric forward modelling and a Moho inversion are reviewed
in section 4. The results are presented in section 5 and discussed in
section 6. Major findings are then summarized in section 7.

2. Geological setting of Atlas region

The Atlas Mountains extend over 2000 km from Morocco,
through Algeria to Tunisia. The topography of these mountain
ranges is modest in their east part, while gradually elevates towards
west in the High and Middle Atlas. The Atlas system comprises the
Rif Cordillera and the Tell Mountains, rigid blocks, High Plateaus of
Algeria, the Atlas Mountains (the Anti, Middle, High, Saharan and
Tunisian Atlas) and the Sahara Platform. The Rif Cordillera and the
Tell Mountains form a part of an Alpine thrust system that extends
from the Beltic Mountains (in south Spain) to Tunisia and the
Atlantic margin (Fig. 1). The current geological configuration of this
region is mainly the result of the Caenozoic and Mesozoic exten-
sional and compressional tectonic events, related to the opening
and subsequent closing of the Mediterranean Sea [17,19]. The re-
gion of the High Plateaus of Algeria is typically divided into the
Saharan Atlas and the Tell Atlas, while geologically the whole re-
gion belongs to the Atlas domain. A tectonic style of the Algerian
Atlas, consisting of broad synclinal basins and narrow anticlinal
pinches, is similar to that of the Moroccan Atlas. The folds, with the
N 45�E axial strike, are oblique to the general N 60�E trend of the
Atlas. These folds are seldom symmetrical and, as in Morocco, the
anticlines grade into stretch-thrusts at depth. The faults are well
expressed throughout the domain. Asfirane and Galdeano [20] have
characterized its south part by a succession of epicontinental de-
posits (the Mesozoic sandstone representing its sedimentary layer)
and in the north part by thinner sediments (Triassic to Neogene).
The northern fringe of the West African Craton is located between
the northwest edge of the Saharan Desert and series of hills of the
High Atlas in south Morocco mainly behind the Anti-Atlas Moun-
tains [14]. The West African Craton represents the main geological
unit of the study area, underlying various late rocks of the Neo-
proterozoic and Palaeozoic orogenic mobile belts. The Saharan
Meta-Craton and the West African Craton are bounded by the Pan-
African Trans-Saharan Belt, forming the Archaean core of north
Africa, extending from the Hoggar in Algeria to the Gulf of Guinea
[21]. The geological configuration of Algeria is essentially formed by
the Pan-African Trans-Saharan Belt with predominantly linear
north-south trend all over the West African Craton and a higher
metamorphic grade. In the Atlas orogen, localized magmatism
follows the strike of the Atlas Mountains from the Canary Islands
hotspot towards the Alboran Sea. The Tunisian Atlas and the
Saharan Atlas mountains are intracontinental orogenic belts
formed within the stable Proterozoic-Palaeozoic Sahara Platform
that belongs to the old African basement. These orogenic belts
consist of the Mesozoic rift sediments that were deformed into a
series of large step folds. In the Saharan Atlas (the Tell and Atlas
zones), the Mesozoic rift sediments were inverted into a major
mountain range by thrust faults and block uplift tectonics, whereas
the Tunisian Atlas was formed by thin-skin tectonics [22,23]. The
nearest Archaean granitic basement outcrop appears in east
Algeria, which may be in concordance with the basement of north
Tunisia.

3. Crustal studies of Atlas region

As evident from earlier seismic and gravimetric studies of the
Atlas region (summarized in Table 1), most of authors focused on
north and west parts of the region along the Atlantic Ocean and the
Mediterranean Sea based on the analysis of seismic refraction,
receiver functions and terrestrial gravity measurements. Mickus
and Jallouli [17] and Jallouli and Mickus [25] detected a crustal
thickness of 38e40 km under the Saharan Atlas and 34e36 km
under the Tunisian Atlas. Using Woollard's [26] empirical formula,
Arfaoui et al. [27] estimated the Moho depth in Tunisia. Their result
revealed that the Moho depth there varies between 29 and 39 km,
with maxima under the Tunisian Atlas, where the Moho deepens
gradually westwards. This crustal thickening continues under the
Saharan Atlas in Algeria. They also identified the localized Moho
deepening in north Tunisia (29 km) and in the Sahel (31 km). Using
deep seismic sounding surveys, Diaz et al. [13] detected a
maximum crustal thickness beneath the Rif Cordillera with the
Moho depth there exceeding 45 km. They also demonstrated that
the Atlas Mountains, and in particular the High Atlas are charac-
terized by crustal thickness variations roughly within 35e40 km.
They detected a thin crust along continental margins (the Medi-
terranean domain and the Atlantic margins) with the Moho depth
typically approximately 15 km and a gradual Moho deepening to-
wards inland with maxima exceeding 50 km beneath the Rif
Cordillera. This estimate is significantly larger than the result pre-
sented earlier by Urchulutegui et al. [8]. According to their result,
using a simple approach based on the analysis of regional topo-
graphic and geoidal data, the Moho deepens only to approximately
34 km under the Rif Cordillera and to approximately 38 km beneath
the Atlas Mountains. A similar estimate for the Rif Cordillera was
given by Giese and Jacobshagen [28]. They reported a maximum
crustal thickness of 40 km. Mancilla and Diaz [11], based on the P-



Fig. 1. Regional geological and tectonic configuration of the Atlas region including seismicity. AA0 , BB0 , CC0 and DD’ (Fig. 10) indicate four selected profiles. The inset shows the
location of the Rif-Tell-Atlas orogenic region along the Eurasian-African plate boundary. The orange lines indicate plate boundaries according to Bird [24]. Notation used: West
African Craton (WAC), Pan-African Trans-Saharan Belt (PATSB) and Sahara Meta-Craton (SMC).

Table 1
Moho depths of previous investigations for the Rif-Tell-Atlas orogenic system.

Area References Methods Depth Estimates (km)

Rif Gil et al. [30] Deep Seismic Sounding (DSS) 29e42
Mancilla et al. [31] Receiver Functions (RF) 21.6e44.4
Van der Meijde et al. [7]
Urchulutegui et al. [8] Regional elevation and geoid data 34

Atlas Ayarza et al. [29] Deep Seismic Sounding (DSS) 33e41
Wigger et al. [6]
Makris et al. [5]
Mancilla et al. [31] Receiver Functions (RF) 23e44.7

Sandvol et al. [32]
Spieker et al. [10]
Cooper and Miller [33]
Mickus and Jallouli [17] Gravity 26e38
Jallouli and Mickus [25]
Urchulutegui et al. [8] Regional elevation and geoid data 38e40
Arfaoui et al. [27] Gravity 29e39

Meseta Makris et al. [5] Deep Seismic Sounding (DSS) ~35
Mancilla et al. [31] Receiver Functions (RF) 30.7e37.6
Diaz [13] P-receiver function (PRF) 30e35

North-western Morocco Margin Contrucci et al. [34] Deep Seismic Sounding (DSS) 34e35
South-western Morocco Margin Makris et al. [5] 27e29
West African Craton Sandvol et al. [32] Receiver Functions (RF) 41e42.6

Kosarian [35]

Di Leo et al. [36]
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receiver function analysis, detected significant variations in the
Moho geometry in north Morocco that could be characterized by
three distinctive regions. A thick crust beneath the Rif Cordillera. A
thinned crust in northeast Morocco, and the region of 30e35 km
thick crust in the transition to the Meseta domain. Further south,
moderate crustal roots with the Moho roughly 40 km deep are
clearly identified under the High Atlas. Ayarza et al. [29], using
geological evidence and terrestrial gravity data, detected the under
thrusting slab of the Saharan Atlas. They also identified a dense
lower crust of local crustal roots with the Moho deepening to
38e41 km beneath the central High Atlas. These results have
reinforced models of crustal under-compensation and a Moho
involvement in the deformation that have implications for a deep
structure of intracontinental mountain belts.
Beneath the Tell and Atlas orogenic belts including adjoining
parts of the West African Craton most studies have used seismic
data to resolve the crustal structure (e.g. [16]). The Atlas region is
not an exception, with fewer gravity studies than continental-
scale seismic studies. A limitation of seismically derived crustal
thickness maps is an inherent uncertainty about crustal structures
in areas with limited or low-quality data coverage. To our
knowledge, continental-scale crustal thickness models of the
Atlas region are generally constructed from seismic studies (e.g.
[14e16]) with only a handful of models derived from gravity
studies (e.g. [17,18,25]). In all instances, however, the limited
availability of both seismic and ground-based gravity measure-
ments has resulted in unconstrained crustal structure models in
the Atlas. To partially these deficiencies, we estimated the Moho
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depth based on the gravity (from global model) inversion con-
strained on available seismic data.

4. Data acquisition

In this section, we briefly summarized input data and numerical
procedures and then presented results of a gravimetric forward
modelling.

4.1. Free-air gravity data

We used the EIGEN�6C4 global gravitational model [37] to
generate the free-air gravity anomalies with a spectral resolution
complete to the spherical harmonic degree of 2160. We note that
EIGEN-6C4 is available via the International Centre for Global Earth
Models website [38]. The free-air gravity anomalies computed on a
5’ � 5’ geographic grid of surface points are shown in Fig. 2. At the
study area, these gravity anomalies vary mostly between �100 and
250 mGal. Positive values prevail over most of moderately elevated
and mountainous regions. Over lowlands, the values are mostly
negative. In the central High Atlas, the contours of the free-air
gravity anomalies strike roughly N 55�E direction, reflecting the
direction of most elevated regions. This observation obviously
agrees with the expected high spatial correlation between the free-
air gravity anomalies and the topography. However, this trend is
slightly oblique to the general structural direction of the High Atlas,
which is approximately in N 75�E direction. Maxima of the free-air
gravity anomalies reaching approximately 250 mGal inwest part of
the central High Atlas correlate with the highest summits that
exceed elevations of 4000 m. Over lowlands to north and south of
the High Atlas, the free-air gravity anomalies decrease substan-
tially, with most of values within ±50 mGal. Over the north part of
continental margins fromMorocco to Tunisia, except for the coastal
area along the Rif Cordillera, the free-air gravity anomalies are
typically positive, while mostly negative in south of the Aures
Mountains (�100 mGal), the Sahara (�75 mGal), the central (�25
mGal) and east parts (�80 mGal) of the West African Craton. In the
central part of the Pan-African Trans-Saharan Belt, the free-air
gravity anomalies vary roughly from �60 to �90 mGal, while
gradually decrease westwards along the West African Craton with
negative values below �100 mGal.
Fig. 2. Regional maps the free-air gravity anomalie
4.2. Bouguer gravity data

We used the ETOPO1 [39] global (solid) topography data to
compute the topographic and bathymetric gravity corrections with
the same spectral resolution as used for the free-air gravity data.
Both gravity corrections were computed simultaneously by
applying the tesseroid method. For a detailed description of this
method, we refer readers to the study by Uieda and Barbosa [40].
Since a lack of information about the topographic density distri-
bution in most parts of northwest Africa, the topographic gravity
correctionwas computed for a homogenous density distribution. In
particular, we used the density value of 2670 kg m�3 that is typi-
cally adopted to represent the upper continental crustal density (cf.
[41]). The bathymetric gravity correction was computed for the
ocean density contrast of 1630 kg m�3. It is worth mentioning that
for a more accurate computation of the bathymetric gravity
correction, the depth-dependent seawater density model devel-
oped by Gladkikh and Tenzer [42] could be used; see also Tenzer
et al. [43e45]. We further used the sediment data from the
CRUST1.0 global seismic crustal model [46] to compute the sedi-
ment gravity correction. In regions with a well-known geological
stratigraphy, additional gravity corrections can also be applied to
model and subtract the gravitational signature of deeper litho-
spheric structures (e.g. [47e50]).

The combined topographic-bathymetric gravity correction
computed on a 5’ � 5’ geographic grid of surface points is shown in
Fig. 3A. This combined gravity correction is spatially correlatedwith
the topography. Within the study area, it varies roughly between
±300 mGal. Large positive values apply for the High, Middle,
Saharan and Tunisian Atlas mountain ranges with localized max-
ima exceeding even 300 mGal over the Middle Atlas. Lowlands and
shoreline regions of the Aures Mountains and the Moroccan coast
are characterized by small negative values (to about �20 mGal).
The sediment gravity correction is shown in Fig. 3B. Values of this
gravity correction are everywhere negative with absolute maxima
along the Pan-African Trans-Saharan Belt south of the Aures
Mountains.

We applied the topographic-bathymetric gravity correction to
the free-air gravity anomalies. The Bouguer gravity map is shown in
Fig. 4A. Subsequently, we applied the sediment gravity correction
to the Bouguer gravity anomalies. The sediment-corrected Bouguer
s computed on a 5’ � 50 grid of surface points.



Fig. 3. Regional maps of: (A) the topographic-bathymetric and (B) sediment gravity corrections computed on a 5’ � 50 grid of surface points.

Fig. 4. Regional maps of the Bouguer gravity anomalies: (A) before and (B) after applying the sediment gravity correction computed on a 5’ � 50 grid of surface points.
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gravity anomalies are shown in Fig. 4B. From comparing Figs. 2 and
4A, we see that the application of the combined topographic-
bathymetric gravity correction significantly modified the free-air
gravity pattern. Some substantial changes are also recognized in
the Bouguer gravity map after applying the sediment gravity
correction, particularly along the east coast of Tunisia and over the
Sahara Plateau. The application of the sediment gravity correction
increased the long-wavelength negative Bouguer gravity anomalies
in Morocco along the Central andMiddle Atlas, where values of this
correction varies approximately between �50 and �100 mGal.
Other significant modification of the Bouguer gravity pattern by
this correction is to the south of the Aures Mountains.

As seen in Fig. 4B, the sediment-corrected Bouguer gravity
anomalies range from�120 to 250mGal. Over the central High Atlas,
these values are mostly negative between�40 and�120 mGal, with
the largest negative values close to the southern border of central
andwest parts of the central High Atlas. Despite large negative values
are mostly distributed over the elevated topography, these values do
not coincidewith the highest summits that are located further north.
Similarly, in the high plains between the Middle and High Atlas
mountain ranges, the highest topographic elevations do not coincide
with minima of the sediment-corrected Bouguer gravity anomalies.
Consequently, the expected spatial correlation between the Bouguer
gravity anomalies and the topography is not clearlymanifested in the
High Atlas. Instead, we see misfits, suggesting a lack of local isostatic
equilibrium at a crustal level. Moreover, the Bouguer gravity anom-
alies in the Atlas Mountains are not clearly pronounced with respect
to bordering lowlands to the north and the south that are otherwise
exhibited in the free-air gravity map, characterized by a significant
contrast between gravity anomaly highs over the elevated topog-
raphy and gravity anomaly lows over lowlands. The long-wavelength
pattern of negative values of the sediment-corrected Bouguer gravity
anomalies is along the Tunisian Atlas. In contrast, the long-
wavelength pattern of positive values prevails over the Tell Atlas,
the Sahel as well as the southeast coastal zones. Other region with
large negative values (�100 mGal) is detected in the Algerian anti-
clinorium, characterized by significant structural high gradients
(north-south axis) that are associated with a significant structural
alignment. In agreement with findings by Jallouli and Mickus [25],
we see that the sediment-corrected Bouguer gravity anomalies are
largely spatially correlated with major geological units in Tunisia.
Positive values over the Sahel are limited to the west by the high
gradient defining the north-south axis. This axis is observed
throughout the Sahel. Arfaoui et al. [27] argued that it is not simply a
response of the Bouguer gravity anomalies to a change in density of
the Mio-Plio-Quaternary outcrops dominating this region. Instead,
this gravity pattern is more likely due to a rising of the basement
towards the east and to a crustal thinning. Negative anomalies over
the Tunisian Atlas Mountains coupled by positive anomalies along
coastal regions and lowlands indicate that the long-wavelength
Bouguer anomalies correlate inversely with major topographic fea-
tures. This finding suggests that the Tunisian Atlas is isostatically
compensated. In other worlds, the gravitational contribution of the
elevated topography is compensated at depth by a mass deficit,
reflecting a thick crust with a density that is relatively lower
compared to an underlying uppermost mantle density. The effects of
mass deficits at the base of the crust generallymask the gravity signal
associated with shallower crustal sources. The Atlas Mountains
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(�130 mGal) and the Rif Cordillera (�100 mGal) in north Morocco
are characterized by similar Bouguer gravity minima, while much
less elevated topography. The cause of this steady anomaly has been
suggested by Fullea et al. [51] to be mainly due to the thickening (up
to 6 km) of the Phanerozoic sediments present in this region. The
overall anomaly observed along the West African Craton is negative
mainly on its northern edge. The sediment-corrected Bouguer
gravity anomalies along theWest African Craton are largely negative
within the range from �120 to 20 mGal. The overall gravity anomaly
trend makes it possible to separate the West African Craton into two
parts on either side of the latitude 31�N. Negative values are
observed outside the range of latitude 31�N, well expressed under a
slightly oblique to the East-North-East general orientation of the
High Atlas belt delineating the northern part of the West African
Craton. In its northern edge, we observe a lack of correlation between
the Bouguer gravity anomalies and the topography, indicating the
absence of isostatic equilibrium at a crustal level. On the other hand,
positive anomalies observed below the latitude 31�N that extend
over the Pan-African Trans-Saharan Belt express mainly the EW
trending. The overall anomaly values there decrease towards west
from the Tunisian coast to Sahara. The origin of this progressive
decrease is, for the most part, associated with a thickening of the
Phanerozoic sediments (up to 6 km thick at places), taking place over
basement uplift [25], with the contribution from a crustal thickening
in the neighbourhood of 32e36 km.

4.3. Seismic data

Weused theMoho depth estimates regionally concentrated along
the Rif-Tell-Atlas orogenic system from available deep seismic
sounding [5,29,34] and receiver function [10,31,36] studies. Our total
database includes 111 seismic points from these referred works. The
seismic data distribution and the seismic Moho depth estimates are
visualized in Fig. 5. We see a relatively dense seismic data distribu-
tion in Morocco and Tunisia, in contrast to their absence in most
parts of Algeria. In these cases, the observations were assessed
qualitatively based on the reliability or accuracy of the crustal
thickness observations. For a brief review of passive source seismic
studies in Africa, and especially in the study area, we refer readers to
study by Fishwick and Bastow [52]. The seismic Moho depths are
within the interval from 34 to 44 km, with a mean of 34 km.

4.4. Gravity inversion

We applied a regularized non-linear gravity inversion according
to the technique presented by Uieda and Barbosa [40] to estimate
Fig. 5. Seismic Moho depth estimates from receiver functions analysis seismo
the Moho depth from the sediment-corrected Bouguer gravity
anomalies. This gravity inversion technique is based on applying
the modified Bott's method [53] with the Tikhonov's regularization
to stabilize the inverse solution in a two-step numerical scenario.
Firstly, we determined the regularization parameter by using a
predefined set of initial values of the Moho depth and density
contrast. In the second step, we carried out a gravimetric inversion
for different values of the Moho density contrast as well as the
meanMoho depth. The final gravimetric solutionwas then selected
based on the principle of minimizing the Mean Square Error (MSE)
of theMoho depth differences between the gravimetric and seismic
results. The detailed description of gravity inversion algorithms
applied in this study can be found in Uieda and Barbosa [40].

5. Results

The Bouguer gravity data described in section 4 were used to
estimate the Moho depth. The result of the gravimetric Moho
inversion constrained by seismic data is presented and then
compared with the available seismic results as well as existing
gravimetric studies in this section.

5.1. Comparison with seismic Moho depth estimates

Results of the gravity inversion are controlled by two parame-
ters, namely by the Moho reference depth and the Moho density
contrast. We used previous seismic studies to validate gravimetric
results by examining all possible combinations for the Moho
reference depth values at the range from 20 to 40 kmwith a 0.5 km
step, and for the Moho density contrast values between 200 and
500 kg m�3 with a 50 kg m�3 step. The best fit by means of mini-
mizing the mean-square-error (MSE) of the Moho depth differ-
ences between the gravimetric and seismic solutions was attained
for the values of 32.5 km and 500 kg m�3 of the mean Moho depth
and theMoho density contrast respectively (see Fig. 6). The result of
a regional Moho recovery is shown in Fig. 7 (for 3-D Moho image
see the Fig. 7C). We also plotted (in Fig. 7B) the histogram of Moho
depth differences between seismic and gravimetric estimates. At a
regional scale, we see a good MSE fit between gravimetric and
seismic results. Nevertheless, some large localized discrepancies
also exist. In the Rif Cordillera in north Morocco, the comparison
with seismic data is somewhat ambiguous with a strong hetero-
geneous crust, with the presence of large crustal roots beneath this
mountain range and a thinned Moho to the east, close to the
Algerian border. In the west part of the Atlas Mountains, we
observe a crustal root beneath the High Atlas reaching 44 km. As
graph stations (circles), superimposed on a regional shaded topography.



Fig. 6. Validation steps exploited to determine the Moho reference depth and the
Moho density contrast. The colour scale represents the Mean Square Error. The best-fit
model is marked by a grey rectangular (for the Moho density contrast of 500 kg m�3

and the Moho reference depth of 35 km).
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seen in Fig. 7B, the Moho depth differences are roughly
between �19 and 15 km with a bias of only 0.14 km and a STD of
3.5 km. These values indicate that the gravity-derived Moho is in a
relatively good agreement with the Moho depth derived from
receiver function analysis. Fig. 8 displays remarkable crustal
thickness variations deduced in the study area by presenting the
crustal thickness of the final 3D model and below different given
Fig. 7. Regional map of the Moho depth estimated based on a regularized non-linear inv
between seismic and gravimetric solutions is shown at seismic sites. Figure also includes t
depths. The Moho depth in the Rif-Tell-Atlas orogenic systemvaries
between 16 and 53 km. The deepest Moho is observed beneath the
Rif Cordillera, with values exceeding 40 km under the Aures
Mountains and reaching maxima 53 km at some locations (Fig. 8A).
The crustal roots beneath of the west basin of the Tunisian Atlas,
the High and Middle Atlas are clearly exhibited, with the Moho
depth there varying from 30 to about 40 km (Fig. 8B). As seen in
Fig. 8BeC, the Moho depth shallows gradually eastwards to 25 km.
A similar trend is also detected in north Tunisia (26 km) and the
north part of the Pan-African Trans-Saharan Belt, particularly in the
Sahel (28 km). The Moho topography beneath the Tunisian Atlas is
marked by a flexure between the depression and uplift zones,
exhibiting some major faults in east and south. The West African
Craton, including the Atlas Mountains and in particular the Anti,
High and Middle Atlas in its northern edge, have some topographic
elevations exceeding 4100 mwhile its Moho depths varying mostly
within 32e44 km. An opposite situation characterizes the Rif
Cordillera, with low topographic elevations below 2000 m and the
deep Moho exceeding even 50 km. A thinner crust ranging from
29e37 km is, on the other hand, depicted along the eastern margin
of the West African Craton.
5.2. Comparison of regional Moho models

We compared our Moho model with three gravity-derived
models, namely, the GEMMA [54], Tugume2013 model [55] and
the Tedla2011 model [56]; see Fig. 9 and statistical summaries in
Table 2. TheMoho depth differences are plotted in Fig.10, with their
statistical summaries given in Table 3. We see that the TUGUME13
ersion of the sediment-corrected Bouguer gravity data. The Moho depth differences
he histogram of these differences.



Fig. 8. 3D ensemble views of the crustal topography. Panels show the Moho geometry below depth of: (A) 40 (B) 30 (C) 20, and (D) 0 km.

Fig. 9. The juxtaposition of existing crustal models for the Atlas region. The gravity-based models are GEMMA, Tugume13 and Tedla11.

Table 2
Statistics of the referenced crustal models.

Models Min (Km) Coverage Methods Max (Km) Mean (Km) STD (Km)

GEMMA [54] 4.80 Global Combined gravity and seismic model 105.19 22.36 12.12
Tugume 2013 [55] 3.97 Continental Gravity, Parker-Oldenburg iterative inversion 44.48 23.62 11.43
Tedla 2011 [56] 32.99 Continental Gravity, 3-D Euler deconvolution 47.70 39.45 2.36
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and GEMMA models are clustered and closer to our model than
Tedla11.
6. Discussion of results

The results of gravimetric forward modelling (presented in
section 4) and the result of gravimetric Moho recovery (shown in
section 5) are discussed in the context of geological and tectonic
setting of the study area.
6.1. Gravity maps

The sediment-corrected Bouguer gravity map presented in
Fig. 4B exhibits clearly the gravitational signature of different
geological units within north Morocco, Algeria and Tunisia. Values
of the sediment-corrected Bouguer gravity anomalies range
from �140 mGal in the High Atlas Mountains of Morocco to 200
mGal along the northeast coast of Algeria. The Bouguer gravity map
(corrected for the sediment effect) is likely more realistic than the
Bouguer gravity map presented by Mickus and Jallouli [17], Jallouli



Fig. 10. Comparison between regional crustal thickness models and our model. The Moho depth differences with respect to: (A) GEMMA model by Reguzzoni et al. [54], (B)
Tugume13 model by Tugume et al. [55], and (C) Tedla11 model by Tedla et al. [56].

Table 3
Statistics of differences between values of the new density model and the referenced
crustal models.

Differences Min (km) Max (km) Mean (km) STD (km)

GEMMA [54] �15.50 16.51 2.16 3.96
Tugume 2013 [55] �11.15 22.09 3.06 2.78
Tedla 2011 [56] �33.06 14.19 �7.57 6.89
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et al. [18], or Arfaoui et al. [27]. Most of spatial features in our
Bouguer gravity map reflects largely crustal thickness variations
and a low density of sedimentary basins. Additional gravity varia-
tions are attributed to a density structure within the deep litho-
sphere. More specifically, sources of gravity anomalies within the
Atlas Mountains involve crustal thickness variations as well as
sedimentary rocks overlying the Precambrian and younger base-
ment rocks and crustal thickness changes. Minima of the sediment-
corrected Bouguer gravity anomalies are over the High Atlas at the
intersection of the Tell Atlas with the Tunisian Atlas Mountains and
the Rif Cordillera. These gravity anomaly lows are possibly attrib-
uted to the isostatic signature of a significant Moho deepening
under these mountain ranges. The Saharan Atlas Mountains in
Algeria are associated with broad-scale, southwest-trending
minima in the sediment-corrected Bouguer gravity map. These
minima extend beyond surface boundaries of the Saharan Atlas
Mountains northwards over the High Plateau region and south-
wards over the South Atlas Front and the Sahara Platform. This
large-scale gravity anomaly low may be explained by a crustal
thickening caused by the loading of the Saharan Atlas onto the
continental crust that is similar with the source of gravity anomaly
over the High Atlas. Our estimate of the crustal thickness confirmed
the existence of a thick crust (36e40 km) across the Saharan Atlas.
A general idea about the isostatic compensation of the entire Tell
and Atlas Mountains can be seen by comparing the sediment-
corrected Bouguer gravity map (Fig. 4B), the free-air gravity map
(Fig. 2) and the topographic relief (Fig. 1). Arfaoui et al. [27] noticed
that the Tunisian Atlas is associated with the positive free-air
gravity anomalies that, in general, mirror the topography. Their
finding agrees with our result. Nonetheless, the Saharan Atlas
comprises also regions with the negative free-air gravity anomalies
and with the corresponding negative values of the sediment-
corrected Bouguer gravity anomalies that indicate a possible
overcompensation. The rest of the Saharan Atlas appears to be
compensated, except near the boundary with the Tunisian Atlas.
This may imply again an overcompensation, but such conclusion
could be an oversimplification, as a thick low-density material may
be the cause of these anomalies, as is the case for the Rif Cordillera.

6.2. Comparisons of Moho depth estimates

New continental-scale Moho estimates beneath Africa, based on
gravity modelling, were presented by Tedla et al. [56] and Tugume
et al. [55]. Both studies provide gravity-derived crustal thickness
maps, calibrated against seismic Moho estimates. These results
exhibit only minor variations in crustal thickness between terranes
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of the Archaean and Proterozoic age [57]. The crustal model of
Tugume et al. [55] shows overall a thinner crust than the model
presented by Tedla et al. [56], with differences exceeding 6 km in
the part covered by our study area. A feature common to all three
models mentioned above is a relatively thick crust (35e45 km)
beneath the High andMiddle Atlas. GEMMA is more prominent and
reliable than models presented by Tedla et al. [56] and Tugume
et al. [55]. The comparison of the Moho depth differences of these
three models with our solution (see Fig. 10) shows that significant
Moho differences are observed for all three models, although dif-
ferences between our model and GEMMA and Tugume et al. [55]
models are acceptable for most parts of the study area with ±4 km
for the Moho. In the study area, the maximum Moho depths
(42e48 km) correspond to the West African Craton and to the Rif
Cordillera. The maximum Moho deepening in northwest Africa is
detected in the Atlas Mountains (approximately 37 km) with local
maxima under the High Atlas (45 km). Compared to the Moho
depth estimates from active seismic experiments in Morocco
[6,29,30], our model is in a good agreement with the crustal
structure across the Atlas Mountains. In the northwest Moroccan
platform, the Moho depth estimate of approximately 32.5 km is
slightly lower than the Moho depth of approximately 35 km re-
ported by Contrucci et al. [34]. Our estimate, also very closely agrees
with the result published by Globig et al. [57]. Tadili et al. [58] found
that the crustal thickness varies from 25 km along the Atlantic coast
to 40 km in the central High Atlas, which argues for a possibly
thinner crust less than 35 km along the Moroccan margin. Ac-
cording to our estimate, in the west parts of the High and Middle
Atlas Mountains, the Moho depth varies within 34e42 km and
closely spatially agrees with GEMMA, Tedla et al. [56] and Tugume
et al. [55] models. Our model, however, disagrees with these
models in the very southwest part of the High Atlas. According to
our result, the Moho depth there exceeds 38 km in agreement with
the finding of Makris et al. [5]. The comparison of our Moho model
with the result for the Moroccan Meseta and the Rif Cordillera
presented by Mancilla et al. [31] shows that both results agree
within ±7 km in these regions. A generally better agreement be-
tween both results is found in the east part of the Rif Cordillera.
According to our result, the minimumMoho depth there is roughly
35 km, while Mancilla et al. [31] estimated a thinner crust with the
Moho depth of only 27 km.

6.3. Study profiles

We selected four representative profiles at the study area to
compare and interpret the gravity anomaly (free-air and Bouguer)
variations with respect to the topography and the Moho depth. The
locations of these four profiles are indicated in Fig. 1. The gravity
anomaly variations along the profiles are plotted in Fig. 11, with the
statistical summaries given in Table 4.

The AA’ section (Fig. 10A) trends NNW-SSE and crosses the Rif
Cordillera and the High Atlas. This region is characterised by the
deepest Moho, varying from 31 to 49 km, with the peak at the
distance from 175 km and anti-correlation observed between the
gravity anomaly trend and theMoho depth (section 80e300 km). In
the Rif Cordillera region, values of the free-air and Bouguer gravity
anomalies are in phase and negative with an isostatic imbalance
characterised by the deepest Moho. Minima of the short-
wavelength gravity spectrums reach almost �100 mGal, suggest-
ing the presence of a very low-density structure at shallow levels.
Both, the central High (35e36 km) and Middle (43e42.5 km) Atlas
mountain ranges havemore shallow sub-crustal depths than the Rif
Cordillera (49 km) that spatially correlate withmountain hills along
with the areas of the thinnest lithosphere. The northern edge of the
West African Craton has a shallower Moho depth, varying from
42 km in the Middle Atlas to 34 km in the High Atlas, confirming
the observation done by Jessell et al. [14].

The BB’ section (Fig.10B) crosses Tunisia, from the Tunisian Atlas
to Sahara. The Tunisian Atlas is characterised by the positive free-
air gravity anomalies (up to 62 mGal) and the negative Bouguer
gravity anomalies (to �45 mGal). The free-air gravity anomalies
reflect a thick crust (39 km) beneath this region. At the distance of
360 km, the Moho depth decreases to 32 km, corresponding to an
extension of the West African Craton into the northern segment of
the Pan-African Trans-Saharan Belt, or the West African Mobile
Zone present in the Saharan region. The free-air gravity anomalies
remain negative. The Bouguer gravity anomalies exhibit a long-
wavelength trend.

The CC’ section crosses Algeria from the Tell Atlas to Sahara.
Within this profile, the free-air gravity anomalies and the Moho
depth undulations vary in a similar mode with a thicker crust
beneath the Tell Atlas. Along the first part of the section (to
265 km), the Bouguer gravity anomalies decrease to �22 mGal,
then slightly increase from the Saharan Atlas to Sahara. The
isostatic compensation between the Tell and Sahara Atlas is
apparent based on comparing gravity anomalies with the Moho
depth. The Saharan Atlas is isostatically compensated, with the
exception close to the Tunisian Atlas. Across Saharan section of this
profile, the free-air gravity anomalies are mostly negative with a
large amplitude, while the Bouguer gravity anomalies are negative.
The crustal thickening in the Tell Atlas (40 km) weakens towards
Sahara (38 km) through the Saharan Atlas (36 km), highlighting the
sediments contribution (Palaeozoic, Mesozoic, and Caenozoic)
mainly occurring in the Pan-African Trans-Saharan Belt.

Along the DD’ section, the Moho depth merely correlates with
the free-air gravity anomalies between the High Atlas and the
Saharan Atlas. However, the Bouguer gravity anomalies are char-
acterised by a short wavelength with the minimum of �125 mGal
in the Middle Atlas. In contrast, a non-isostatic compensation likely
occurs in the Tunisian Atlas, due to the short-wavelength minima
(�25 mGal) observed in the free-air anomaly signal. A lack of cor-
relation between the free-air and Bouguer gravity anomalies and
the crustal thickness along the High, Middle, Saharan Atlas and the
coastal border of the Tunisian Atlas reflectmainly a combined effect
of the Caenozoic, Mesozoic and Palaeozoic to recent tectonic sedi-
ments. Along the north edge of the West African Craton, located
between the High and Middle Atlas, maxima of the free-air
anomalies (150e205 mGal) and of the Moho depth (40e46 km)
indicate the presence of a very low-density material at shallow
levels along the northern margin of the West African Craton.

7. Summary and concluding remarks

We have complied a new regional model of the Moho depth of
the Atlas region (i.e. the Rif-Tell-Atlas orogenic region) and
adjoining part of the West African Craton using gravity, topo-
graphic, bathymetric and sediment models constrained by seismic
data by applying a regularized inversion based on the Gauss-
Newton's formulation of the improved Bott's method with the
regularization and tesseroid techniques involved.

The Moho topography inferred by this method exhibits an all-
inclusive remarkable consistency. Variations in the crustal thick-
ness are heterogeneous in the east-west directions and closely
related to the long-term Mesozoic to recent tectonic events of the
Atlas orogenic formation. In the Western Atlas (comprising the
Anti, High andMiddle Atlas mountain ranges), the crustal thickness
is roughly 35e44 km, while the Central Atlas Massif exhibits a
rather non-uniform Moho depth of 36 km in the Saharan Atlas and
32 km in the Aures Mountains system. A sharp crustal thickness
transitions are observed between the Rif Cordillera to the Middle



Fig. 11. Study profiles for comparing values of the free-air and Bouguer gravity anomalies with the Moho depth and the topography across the Rif-Tell-Atlas orogenic region (see
locations in Fig. 1): AA0 profile along the Morocco Atlas system, BB0 profile along the Tunisia Atlas system, CC0 profile along the Atlas system, and DD0 profile through Morocco,
Algeria, and Tunisia.
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Table 4
Characteristics of the studied sections drawn on the Moho depth, the free-air and
sediment-free Bouguer gravity maps.

Section Distance (km) Orientation Borders

AA0 623 NNW - SSE Rif e High Atlas
BB0 770 NeS Tunisian Atlas - Sahara
CC0 865 NWeSE Tell - Sahara
DD0 2050 WSW - ENE High Atlas e Tunisian Atlas
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Atlas and around the Tell Atlas, where the Moho deepens to 55 km.
In the Tunisian Atlas region, the Moho depth varies between 28 and
42 km, with a westward gradual deepening and maxima (42 km)
under the Aures Mountains.

Some inconsistencies identified between the Rif and Atlas
Ranges cannot simply be explained under the assumption of
isostatic compensation, while looking at the thickened crust of
the Atlas Ranges with the Moho depth variations roughly within
36e42 km. The profile analysis revealed that the Atlas region is
partially to fully compensated, with regions of possible over-
compensation in the Saharan Atlas. The signature of the West
African Craton in the Atlas is marked by a deep crustal geometry
varying from 38 km in the Anti Atlas and from 40 to 44 km in the
High and Middle Atlas. This crustal geometry of the West African
Craton in the northern margin of the Atlas is supported by a high
topography. The Pan-African Trans-Saharan Belt limited to the
west by the West African Craton, to the east by the Sahara Meta-
Craton and to the north by the Aures Mountains is mainly
constituted by the Palaeozoic, Mesozoic and Caenozoic sedi-
mentary. The presence of these sediments is cause of a shallow
crust in Sahara, the south Tunisia and in the south flank of the
Aures Mountains. In the Tell Atlas, an average Moho depth be-
tween 30 and 35 km is detected in Tunisia. Thus, the NWeSE
trending observed along the Atlas hills is associated with the
thickest crust in north Africa.

The Mohomodels from previous studies compiled using various
methodologies in the Atlas regionwere used to check the reliability
of our high-resolution crustal thickness estimate. The comparison
of results revealed that our Moho model better agrees with seismic
depth estimates than existing gravimetric Moho models (GEMMA,
TUGUME13 and TEDLA11). This is particularly evident for the Rif
Cordillera and the Atlas Mountains, where these models underes-
timate or even provide unrealistic Moho depth estimates.

Conflicts of interest

The authors declare that there is no conflicts of interest.

Acknowledgments

This research is conducted under the HK science project 1-ZE8F:
Remote-sensing data for studding the Earth's and planetary inner
structure. We are thankful to the Editor for quick editorial handling.
Two anonymous reviewers are thanked for their constructive
comments and suggestions that greatly improved the manuscript.
The authors thank Dr. Mohamed Sobh for providing receiver
functions depth data. Grid compilation and figures were generated
using Generic Mapping Tools (GMT) [59]. Most figures use
perceptually uniform color-maps from the Scientific Colour Maps
collection to prevent visual distortion of the data [60].

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.geog.2019.08.002.
References

[1] K. G€orler, F.F. Helmdach, P. Gaemers, K. Heißig, W. Hinsch, K. M€adler,
W. Schwarzhans, M. Zucht, The uplift of the central High Atlas as deduced
from Neogene continental sediments of the Ouarzazate province, Morocco, in:
The Atlas System of Morocco, Springer, Berlin, Heidelberg, 1988, pp. 359e404,
https://doi.org/10.1007/BFb0011601.

[2] F. Medina, T.E. Cherkaoui, Focal mechanisms of the Atlas earthquakes, and
tectonic implications, Geol. Rundsch. 80 (3) (1991) 639e648, https://doi.org/
10.1007/BF01803691.

[3] Y. Timoulali, J. Nacer, H. Youssef, C. Mimoun, Lithospheric structure in NW of
Africa: case of the Moroccan Atlas mountains, Geodesy Geodyn. 6 (6) (2015)
397e408, https://doi.org/10.1016/j.geog.2015.12.003.

[4] J.W.H. Van den Bosch, M�emoire explicatif de la carte gravim�etrique du Maroc
(provincesduNord)au1/500000 (No. 234),duServiceg�eologiqueduMaroc, 1981.

[5] J. Makris, A. Demnati, J. Klussmann, Deep seismic soundings in Morocco and a
crust and upper mantle model deduced from seismic and gravity data, Ann.
Geophys. 3 (3) (1985) 369e380.

[6] P. Wigger, G. Asch, P. Giese, W.D. Heinsohn, S.O. el Alami, F. Ramdani, Crustal
structure along a traverse across the Middle and High Atlas Mountains
derived from seismic refraction studies, Geol. Rundsch. 81 (1) (1992)
237e248, https://doi.org/10.1007/BF01764552.

[7] M. Van Der Meijde, S. Van Der Lee, D. Giardini, Crustal structure beneath
broad-band seismic stations in the Mediterranean region, Geophys. J. Int. 152
(3) (2003) 729e739, https://doi.org/10.1046/j.1365�246X.2003.01871.x.

[8] J.F. Urchulutegui, M. Fern�andez, H. Zeyen, Lithospheric structure in the
Atlantic-Mediterranean transition zone (southern Spain, northern Morocco): a
simple approach from regional elevation and geoid data, Compt. Rendus
Geosci. 338 (1�2) (2006) 140e151, https://doi.org/10.1016/j.crte.2005.11.004.

[9] M.J. Bezada, E.D. Humphreys, J.M. Davila, R. Carbonell, M. Harnafi, I. Palomeras,
A. Levander, Piecewise delamination of Moroccan lithosphere from beneath
the Atlas mountains, Geochem. Geophys. Geosyst. 15 (4) (2014) 975e985,
https://doi.org/10.1002/2013GC005059.

[10] K. Spieker, I. W€olbern, C. Thomas, M. Harnafi, L. El Moudnib, Crustal and
upper-mantle structure beneath the western Atlas Mountains in SW Morocco
derived from receiver functions, Geophys. J. Int. 198 (3) (2014) 1474e1485,
https://doi.org/10.1093/gji/ggu216.

[11] F.D.L. Mancilla, J. Diaz, High-resolution Moho topography map beneath Iberia
and Northern Morocco from receiver function analysis, Tectonophysics 663
(2015) 203e211, https://doi.org/10.1016/j.tecto.2015.06.017.

[12] M. Saki, C. Thomas, S.E. Nippress, S. Lessing, Topography of upper mantle
seismic discontinuities beneath the North Atlantic: the Azores, Canary and
Cape Verde plumes, Earth Planet. Sci. Lett. 409 (2015) 193e202.

[13] J. Diaz, J. Gallart, R. Carbonell, Moho topography beneath the Iberian-Western
Mediterranean region mapped from controlled-source and natural seismicity
surveys, Tectonophysics 692 (2016) 74e85, https://doi.org/10.1016/
j.tecto.2016.08.023.

[14] M.W. Jessell, G.C. Begg, M.S. Miller, The geophysical signatures of the west
African craton, Precambrian Res. 274 (2016) 3e24, https://doi.org/10.1016/
j.precamres.2015.08.010.

[15] C.J. Ebinger, D. Keir, I.D. Bastow, K. Whaler, J.O. Hammond, A. Ayele,
M.S. Miller, C. Tiberi, S. Hautot, Crustal structure of active deformation zones
in Africa: implications for global crustal processes, Tectonics 36 (12) (2017)
3298e3332.

[16] C. Civiero, V. Strak, S. Cust�odio, G. Silveira, N. Rawlinson, P. Arroucau, C. Corela,
A common deep source for upper-mantle upwellings below the Ibero-western
Maghreb region from teleseismic P wave travel-time tomography, Earth
Planet. Sci. Lett. 499 (2018) 157e172.

[17] K. Mickus, C. Jallouli, Crustal structure beneath the Tell and Atlas Mountains
(Algeria and Tunisia) through the analysis of gravity data, Tectonophysics 314
(4) (1999) 373e385, https://doi.org/10.1016/S00401951(99)00225�5.

[18] C. Jallouli, S. Mogren, K. Mickus, M.M. Turki, Evidence for an east-west
regional gravity trend in northern Tunisia: insight into the structural evolu-
tion of northern Tunisian Atlas, Tectonophysics 608 (2013) 149e160, https://
doi.org/10.1016/j.tecto.2013.10.003.

[19] D.J. Blundell, R. Freeman, S. Mueller, S. Button (Eds.), A Continent Revealed:
The European Geotraverse, Structure and Dynamic Evolution, Cambridge
University Press, 1992.

[20] F. Asfirane, A. Galdeano, The aeromagnetic map of northern Algeria: pro-
cessing and interpretation, Earth Planet. Sci. Lett. 136 (1�2) (1995) 61e78,
https://doi.org/10.1016/0012821X(95)00043�4.

[21] N. Ennih, J.P. Li�egeois, The boundaries of the West African Craton, with special
reference to the basement of the Moroccan metacratonic Anti-Atlas belt, Geol.
Soc. Lond. 297 (1) (2008) 1e17, https://doi.org/10.1144/SP297.1.

[22] J.E. Anderson, The Neogene structural evolution of the western margin of the
Pelagian platform, central Tunisia, J. Struct. Geol. 18 (6) (1996) 819e833.

[23] F. Gomez, R. Allmendinger, M. Barazangi, A. Er-Raji, M. Dahmani, Crustal
shortening and vertical strain partitioning in the middle Atlas Mountains of
Morocco, Tectonics 17 (4) (1998) 520e533, https://doi.org/10.1029/98TC01439.

[24] P. Bird, An updated digital model of plate boundaries, Geochem. Geophys.
Geosyst. 4 (2003), https://doi.org/10.1029/2001GC000252.

[25] C. Jallouli, K. Mickus, Regional gravity analysis of the crustal structure of
Tunisia, J. Afr. Earth Sci. 30 (1) (2000) 63e78, https://doi.org/10.1016/
S0899�5362(00)00008-7.

https://doi.org/10.1016/j.geog.2019.08.002
https://doi.org/10.1007/BFb0011601
https://doi.org/10.1007/BF01803691
https://doi.org/10.1007/BF01803691
https://doi.org/10.1016/j.geog.2015.12.003
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref4
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref4
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref4
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref4
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref4
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref5
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref5
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref5
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref5
https://doi.org/10.1007/BF01764552
https://doi.org/10.1046/j.1365&minus;246X.2003.01871.x
https://doi.org/10.1046/j.1365&minus;246X.2003.01871.x
https://doi.org/10.1016/j.crte.2005.11.004
https://doi.org/10.1002/2013GC005059
https://doi.org/10.1093/gji/ggu216
https://doi.org/10.1016/j.tecto.2015.06.017
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref12
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref12
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref12
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref12
https://doi.org/10.1016/j.tecto.2016.08.023
https://doi.org/10.1016/j.tecto.2016.08.023
https://doi.org/10.1016/j.precamres.2015.08.010
https://doi.org/10.1016/j.precamres.2015.08.010
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref15
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref15
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref15
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref15
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref15
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref16
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref16
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref16
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref16
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref16
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref16
https://doi.org/10.1016/S00401951(99)00225&minus;5
https://doi.org/10.1016/S00401951(99)00225&minus;5
https://doi.org/10.1016/j.tecto.2013.10.003
https://doi.org/10.1016/j.tecto.2013.10.003
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref19
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref19
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref19
https://doi.org/10.1016/0012821X(95)00043&minus;4
https://doi.org/10.1016/0012821X(95)00043&minus;4
https://doi.org/10.1144/SP297.1
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref22
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref22
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref22
https://doi.org/10.1029/98TC01439
https://doi.org/10.1029/2001GC000252
https://doi.org/10.1016/S0899&minus;5362(00)00008-7
https://doi.org/10.1016/S0899&minus;5362(00)00008-7
https://doi.org/10.1016/S0899&minus;5362(00)00008-7


F.E. Kemgang Ghomsi et al. / Geodesy and Geodynamics 11 (2020) 18e3030
[26] G.P. Woollard, Crustal structure from gravity and seismic measurements,
J. Geophys. Res. 64 (10) (1959) 1521e1544, https://doi.org/10.1029/
JZ064i010p01521.

[27] M. Arfaoui, A. Reid, M.H. Inoublie, Evidence for a new regional NWeSE fault
and crustal structure in Tunisia derived from gravity data, Geophys. Prospect.
63 (5) (2015) 1272e1283, https://doi.org/10.1111/1365�2478.12248.

[28] P. Giese, V. Jacobshagen, Inversion tectonics of intracontinental ranges: high
and middle Atlas, Morocco, Geol. Rundsch. 81 (1) (1992) 249e259, https://
doi.org/10.1007/BF01764553.

[29] P. Ayarza, F. Alvarez-Lobato, A. Teixell, M.L. Arboleya, E. Teson, M. Julivert,
M. Charroud, Crustal structure under the central high Atlas Mountains
(Morocco) from geological and gravity data, Tectonophysics 400 (1�4) (2005)
67e84, https://doi.org/10.1016/j.tecto.2005.02.009.

[30] A. Gil, J. Gallart, J. Diaz, R. Carbonell, M. Torne, A. Levander, M. Harnafi, Crustal
structure beneath the Rif Cordillera, North Morocco, from the RIFSIS wide-
angle reflection seismic experiment, Geochem. Geophys. Geosyst. 15 (12)
(2014) 4712e4733, https://doi.org/10.1002/2014GC005485.

[31] F.D.L. Mancilla, D. Stich, J. Morales, J. Juli�a, J. Diaz, A. Pazos, D. C�ordoba,
J.A. Pulgar, P. Ibarra, M. Harnafi, F. Gonzalez-Lodeiro, Crustal thickness vari-
ations in northern Morocco, J. Geophys. Res.: Solid Earth 117 (B2) (2012),
https://doi.org/10.1029/2011JB008608.

[32] E. Sandvol, D. Seber, A. Calvert, M. Barazangi, Grid search modeling of receiver
functions: implications for crustal structure in the middle east and north
Africa, J. Geophys. Res.: Solid Earth 103 (B11) (1998) 26899e26917, https://
doi.org/10.1029/98JB02238.

[33] C.M. Cooper, M.S. Miller, Craton formation: internal structure inherited from
closing of the early oceans, Lithosphere 6 (1) (2014) 35e42, https://doi.org/
10.1130/L321.1.

[34] I. Contrucci, F. Klingelh€ofer, J. Perrot, R. Bartolome, M.A. Gutscher, M. Sahabi,
J. Malod, J.P. Rehault, The crustal structure of the NW Moroccan continental
margin from wide-angle and reflection seismic data, Geophys. J. Int. 159 (1)
(2004) 117e128, https://doi.org/10.1111/j.1365-246X.2004.02391.x.

[35] M. Kosarian, Lithospheric Structure of North Africa and Western Eurasia. PhD
Thesis, The Pennsylvania State Univ, 2006.

[36] J.F. Di Leo, J. Wookey, J.M. Kendall, N.D. Selby, Probing the edge of the West
African Craton: a first seismic glimpse from Niger, Geophys. Res. Lett. 42 (6)
(2015) 1694e1700, https://doi.org/10.1002/2014GL062502.

[37] C. F€orste, S. Bruinsma, O. Abrikosov, F. Flechtner, J.C. Marty, J.M. Lemoine,
C. Dahle, H. Neumayer, F. Barthelmes, R. K€onig, R. Biancale, EIGEN�6C4-The
latest combined global gravity field model including GOCE data up to degree
and order 1949 of GFZ Potsdam and GRGS Toulouse, in: EGU General Assembly
Conference Abstracts 16, 2014, https://doi.org/10.5880/icgem.2015.1.

[38] F. Barthelmes, W. K€ohler, International centre for global earth models
(ICGEM), J. Geod., The Geodesists Handbook 86 (10) (2012) 932e934, https://
doi.org/10.1007/s00190-012-0584�1, 2012.

[39] C. Amante, B.W. Eakins, ETOPO1 arc-minute global relief model: procedures,
data sources and analysis. NOAA technical memorandum NESDIS NGDC�24,
National geophysical data center, Bibl. Digit. ILCE 1 (2009), https://doi.org/
10.7289/V5C8276M.

[40] L. Uieda, V.C. Barbosa, Fast nonlinear gravity inversion in spherical co-
ordinates with application to the South American Moho, Geophys. J. Int. 208
(1) (2017) 162e176, https://doi.org/10.1093/gji/ggw390.

[41] W.J. Hinze, Bouguer reduction density, why 2.67? Geophys. 68 (5) (2003)
1559e1560.

[42] V. Gladkikh, R. Tenzer, A mathematical model of the global ocean saltwater
density distribution, Pure Appl. Geophys. 169 (1�2) (2011) 249e257.

[43] R. Tenzer, P. Vajda, P. Hamayun, A mathematical model of the bathymetry-
generated external gravitational field, Contrib. Geophys. Geodes. 40 (1)
(2010) 31e44, https://doi.org/10.2478/v10126-010-0002-8.

[44] R. Tenzer, P. Nov�ak, V. Gladkikh, On the accuracy of the bathymetry-generated
gravitational field quantities for a depth-dependent seawater density distri-
bution, Studia Geophys. Geod. 55 (4) (2011) 609, https://doi.org/10.1007/
s11200-010-0074-y.

[45] R. Tenzer, N. Pavel, G. Vladislav, The bathymetric stripping corrections to gravity
field quantities for a depth-dependent model of seawater density, Mar. Geod. 35
(2) (2012) 198e220, https://doi.org/10.1080/01490419.2012.670592.

[46] G. Laske, G. Masters, Z. Ma, M. Pasyanos, April. Update on CRUST1. 0da 1-
degree global model of Earth's crust, in: Geophys. Res. Abstr, vol. 15, EGU
General Assembly, Vienna, Austria, 2013, p. 2658.

[47] R. Tenzer, K. Hamayun, P. Vajda, Global maps of the CRUST 2.0 crustal com-
ponents stripped gravity disturbances, J. Geophys. Res.: Solid Earth 114 (B5)
(2009), https://doi.org/10.1029/2008JB006016.

[48] R. Tenzer, V. Gladkikh, Assessment of density variations of marine sediments
with ocean and sediment depths, Sci. World J. (2014), https://doi.org/10.1155/
2014/823296, 2014.

[49] R. Tenzer, W. Chen, D. Tsoulis, M. Bagherbandi, L.E. Sj€oberg, P. Nov�ak, S. Jin,
Analysis of the refined CRUST1. 0 crustal model and its gravity field, Surv.
Geophys. 36 (1) (2015) 139e165, https://doi.org/10.1007/s10712-
014�9299�6.

[50] R. Tenzer, W. Chen, Mantle and sub-lithosphere mantle gravity maps from the
LITHO1.0 global lithospheric model, Earth Sci. Rev. 194 (2019) 38e56.
[51] J. Fullea, M. Fernandez, H. Zeyen, FA2BOUGda FORTRAN 90 code to compute
Bouguer gravity anomalies from gridded free-air anomalies: application to the
Atlantic-Mediterranean transition zone, Comput. Geosci. 34 (12) (2008)
1665e1681, https://doi.org/10.1016/j.cageo.2008.02.018.

[52] S. Fishwick, I.D. Bastow, Towards a better understanding of African topog-
raphy: a review of passive-source seismic studies of the African crust and
upper mantle, Geol. Soc. Lond. 357 (1) (2011) 343e371, https://doi.org/
10.1144/SP357.19.

[53] J.B. Silva, D.F. Santos, K.P. Gomes, Fast gravity inversion of basement relief,
Geophysics 79 (5) (2014) G79eG91, https://doi.org/10.1190/geo2014-
0024.1.

[54] M. Reguzzoni, D. Sampietro, GEMMA: an Earth crustal model based on GOCE
satellite data, Int. J. Appl. Earth Obs. Geoinf. 35 (2015) 31e43, https://doi.org/
10.1016/j.jag.2014.04.002.

[55] F. Tugume, A.A. Nyblade, J. Julia, M. van der Meijde, Crustal shear wave ve-
locity structure and thickness for Archean and Proterozoic terranes in Africa
and Arabia from modeling receiver functions, surface wave dispersion, and
satellite gravity data, Tectonophysics 609 (2013) 250e266, https://doi.org/
10.1016/j.tecto.2013.04.027.

[56] G.E. Tedla, M. Van Der Meijde, A.A. Nyblade, F.D. Van der Meer, A crustal
thickness map of Africa derived from a global gravity field model using Euler
deconvolution, Geophys. J. Int. 187 (1) (2011) 1e9, https://doi.org/10.1111/
j.1365�246X.2011.05140.x.

[57] J. Globig, M. Fern�andez, M. Torne, J. Verg�es, A. Robert, C. Faccenna, New in-
sights into the crust and lithospheric mantle structure of Africa from eleva-
tion, geoid, and thermal analysis, J. Geophys. Res.: Solid Earth 121 (2016)
5389e5424.

[58] B. Tadili, M. Ramdani, D. Ben Sari, K. Chapochnikov, A. Bellot, Structure de la
croûte dans le nord du Maroc, in: Annales Geophysicae. Series B. Terrestrial
and Planetary Physics, vol. 4, 1986, pp. 99e104, 1.

[59] P. Wessel, W.H. Smith, R. Scharroo, J. Luis, F. Wobbe, Generic mapping tools:
improved version released, Eos, Trans. Am. Geophys. Union 94 (45) (2013)
409e410, https://doi.org/10.1002/2013EO450001.

[60] F. Crameri, Geodynamic diagnostics, scientific visualisation and StagLab 3.0,
Geosci. Model Dev. (GMD) 11 (6) (2018) 2541e2562, https://doi.org/10.5194/
gmd-11-2541-2018.

PhD candidate Franck Eitel Kemgang Ghomsi.Mr. Franck
Eitel is the PhD candidate in the Department of Physics,
University of Yaound�e, Yaound�e, Cameroon. He received
his MSc (2017) in Physics at the University of Yaound�e. His
research interests are mainly related with gravimetric
modelling of Earth’s inner structure.
Assist. Prof. Ing. Robert Tenzer, PhD, Ph.D. Dr. Tenzer is
the assistant professor in the Department of Land
Surveying and Geo-Informatics at the Hong Kong Poly-
technic University. He received MSc in Geodesy and
Cartography (in 1995) and PhD in Physical Geodesy (in
1999) at the Slovak Technical University, as well as PhD in
Satellite Geodesy (in 2008) at the Czech Technical Uni-
versity. Between 2001e2008, he held research positions at
the University of New Brunswick, the University of New-
castle upon Tyne and the Delft University of Technology.
Between 2009e2012, he taught at the University of Otago.
Between 2012e2016, he was a visiting professor in the
School of Geodesy and Geomatics at the Wuhan University.
His research interests cover broad areas of Geodesy,

Geophysics, Geodynamic and Planetary Science, with a
major focus on geospatial modeling techniques and in-
terpretations, theoretical geodesy and geophysics, geo-
referencing, planetary inner structure and processes. He is
the author of 4 books and more than 200 research journal
articles (160 records on Scupus, 130 records on WoS). He
presented his research in 195 conference contributions
and 60 invited lectures at universities around the world.
He is the member of editorial board and scientific adviser
to several journals, while also contributing as the reviewer
to more than 40 journals (including Nature Geoscience).
Currently, he is the chair of the International Association of
Geodesy (IAG) study group IC-SG7: Earth‘s inner structure
from combined geophysical sources.

https://doi.org/10.1029/JZ064i010p01521
https://doi.org/10.1029/JZ064i010p01521
https://doi.org/10.1111/1365&minus;2478.12248
https://doi.org/10.1111/1365&minus;2478.12248
https://doi.org/10.1007/BF01764553
https://doi.org/10.1007/BF01764553
https://doi.org/10.1016/j.tecto.2005.02.009
https://doi.org/10.1002/2014GC005485
https://doi.org/10.1029/2011JB008608
https://doi.org/10.1029/98JB02238
https://doi.org/10.1029/98JB02238
https://doi.org/10.1130/L321.1
https://doi.org/10.1130/L321.1
https://doi.org/10.1111/j.1365-246X.2004.02391.x
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref35
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref35
https://doi.org/10.1002/2014GL062502
https://doi.org/10.5880/icgem.2015.1
https://doi.org/10.1007/s00190-012-0584&minus;1
https://doi.org/10.1007/s00190-012-0584&minus;1
https://doi.org/10.1007/s00190-012-0584&minus;1
https://doi.org/10.7289/V5C8276M
https://doi.org/10.7289/V5C8276M
https://doi.org/10.1093/gji/ggw390
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref41
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref41
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref41
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref42
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref42
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref42
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref42
https://doi.org/10.2478/v10126-010-0002-8
https://doi.org/10.1007/s11200-010-0074-y
https://doi.org/10.1007/s11200-010-0074-y
https://doi.org/10.1080/01490419.2012.670592
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref46
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref46
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref46
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref46
https://doi.org/10.1029/2008JB006016
https://doi.org/10.1155/2014/823296
https://doi.org/10.1155/2014/823296
https://doi.org/10.1007/s10712-014&minus;9299&minus;6
https://doi.org/10.1007/s10712-014&minus;9299&minus;6
https://doi.org/10.1007/s10712-014&minus;9299&minus;6
https://doi.org/10.1007/s10712-014&minus;9299&minus;6
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref50
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref50
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref50
https://doi.org/10.1016/j.cageo.2008.02.018
https://doi.org/10.1144/SP357.19
https://doi.org/10.1144/SP357.19
https://doi.org/10.1190/geo2014-0024.1
https://doi.org/10.1190/geo2014-0024.1
https://doi.org/10.1016/j.jag.2014.04.002
https://doi.org/10.1016/j.jag.2014.04.002
https://doi.org/10.1016/j.tecto.2013.04.027
https://doi.org/10.1016/j.tecto.2013.04.027
https://doi.org/10.1111/j.1365&minus;246X.2011.05140.x
https://doi.org/10.1111/j.1365&minus;246X.2011.05140.x
https://doi.org/10.1111/j.1365&minus;246X.2011.05140.x
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref57
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref57
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref57
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref57
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref57
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref57
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref57
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref58
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref58
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref58
http://refhub.elsevier.com/S1674-9847(19)30071-0/sref58
https://doi.org/10.1002/2013EO450001
https://doi.org/10.5194/gmd-11-2541-2018
https://doi.org/10.5194/gmd-11-2541-2018

	Crustal thickness beneath Atlas region from gravity, topographic, sediment and seismic data
	1. Introduction
	2. Geological setting of Atlas region
	3. Crustal studies of Atlas region
	4. Data acquisition
	4.1. Free-air gravity data
	4.2. Bouguer gravity data
	4.3. Seismic data
	4.4. Gravity inversion

	5. Results
	5.1. Comparison with seismic Moho depth estimates
	5.2. Comparison of regional Moho models

	6. Discussion of results
	6.1. Gravity maps
	6.2. Comparisons of Moho depth estimates
	6.3. Study profiles

	7. Summary and concluding remarks
	Conflicts of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


