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ABSTRACT. The Azilal Province in the Central High Atlas (Morocco) provides an excellent natural laboratory to inves
tigate how inherited basement structures and Triassic evaporitic décollements interact to control tectonic architecture 
during intraplate mountain building. Here we integrate gravity-based structural mapping with field structural obser
vations to characterize the dominant structural trends and their crustal significance. We analyze the Bouguer anomaly 
data from the WGM2012 global gravity model and apply the horizontal gradient magnitude filtration and automatic 
lineament extraction using the CET grid analysis. The resulting lineament network highlights two principal fault systems 
trending NE-SW and NW-SE, with subordinate E-W to ENE-WSW lineaments. Euler deconvolution solutions cluster along 
these trends and indicate source depths of several kilometers, supporting the interpretation of a crustal-scale structural 
grain. Field observations (fold geometries, fault orientations, and kinematic indicators) corroborate the gravity-derived 
framework and show that both NE-SW and NW-SE structural families are expressed at the surface. In particular, a major 
NE-striking normal fault affecting the Toarcian-Bajocian succession records the persistence of inherited extensional dis
continuities that influenced basin configuration and subsequent deformation. The spatial association between mapped 
diapiric belts and gravity-derived structural trends further suggests that salt mobilization was guided by pre-existing 
fault corridors and facilitated by evaporitic detachments. Overall, the combined geophysical and geological datasets in
dicate that basement inheritance and evaporite-controlled decoupling exert a first-order control on deformation style, 
basin segmentation and diapir localization in the Azilal segment, refining regional models for the evolution of the Central 
High Atlas.
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АННОТАЦИЯ. Провинция Азилал в центральной части Высокого Атласа (Марокко) является настоящей при
родной лабораторией для изучения взаимодействия наследованных структур кристаллического фундамента с 
триасовыми эвапоритовыми деколлементами, что обеспечивает контроль тектонического строения при вну
триплитном горообразовании. В данной работе объединены результаты картирования по гравиметрическим 
данным и полевых наблюдений для характеристики доминирующих структурных трендов и их значимости в 
масштабе земной коры. Проанализированы данные аномалий Буге по глобальной модели WGM2012, применена 
фильтрация по модулю горизонтального градиента (HGM), а также автоматическое выделение линеаментов с 
использованием метода матричного анализа, разработанного центром исследований в Университете Запад
ной Австралии (CET). Полученная сеть линеаментов выявляет две главные системы разломов СВ-ЮЗ и СЗ-ЮВ 
простирания, с линеаментами В-З (подчиненного) и ВСВ-ЗЮЗ (господствующего) простирания. Решения де
конволюции Эйлера группируются вдоль этих направлений и указывают на глубины источников в несколько 
километров, что подтверждает наличие характерного набора структурных особенностей в коровом масштабе. 
Полевые наблюдения (геометрия складок, ориентация разломов и кинематические индикаторы) согласуют
ся с гравиметрической моделью и показывают проявление на дневной поверхности структур как СВ-ЮЗ, так 
и СЗ-ЮВ направления. В частности, главный сброс СВ простирания, затрагивающий тоарско-байосскую толщу, 
фиксирует устойчивость наследованных экстенсиональных разрывов, что повлияло на конфигурацию бассей
на и последующую деформацию. Пространственная связь между закартированными диапирическими поясами 
и структурными трендами, выделенными по гравиметрическим данным, также указывает на то, что процессу 
мобилизации солей способствовали ранее существовавшие трещинные коридоры и образование эвапоритов. 
В целом, интеграция геофизических и геологических данных показывает, что унаследованность фундамента 
и эвапоритовые деколлементы в первую очередь контролируют стиль деформаций, сегментацию бассейнов 
и локализацию диапиризма в сегменте Азилал, уточняя региональные модели эволюции центральной части 
Высокого Атласа.

КЛЮЧЕВЫЕ СЛОВА: центральная часть Высокого Атласа; провинция Азилал; гравиметрические данные; 
линеаментный анализ; деконволюция Эйлера; тектоническое строение

ФИНАНСИРОВАНИЕ: Не указано.

1. INTRODUCTION
The Central High Atlas of Morocco is one of the most 

characteristic intracontinental mountain belts in North 
Africa [Mattauer et al., 1977]. Its current structure is the re
sult of several tectonic phases that overlapped in time, with 
Paleozoic inherited faults repeatedly influencing the style 
and location of the later deformations. The region was first 
shaped as a Mesozoic rift basin linked to the opening of 
the Central Atlantic, and then inverted strongly during the 
Cenozoic Alpine orogeny [Frizon de Lamotte et al., 2008]. 
This inversion gave rise to the formation of the NE-SW fold 
and thrust belt that is largely rooted in the Paleozoic base-
ment discontinuities [Beauchamp et al., 1996; Fekkak et 
al., 2018; Laville, Piqué, 1992; Teixell et al., 2003].

The structural evolution of the High Atlas is profound-
ly influenced by inherited structures, including the Paleo
zoic basement fabrics and the Triassic evaporite layers. 
These pre-existing weak lithospheric zones were reacti-
vated during multiple tectonic events, initially during the 
Mesozoic extension and later during the Cenozoic compres
sion. The present geometry of the chain clearly reflects this 
inversion of earlier extensional structures [Beauchamp et 
al., 1996, 1999; Skikra et al., 2025]. This mechanism is not 
unique to Morocco: similar tectonic scenarios were de-
scribed in the Pyrenees, Iberia, and Tunisia [Bouaziz et al., 
2002; Rosenbaum et al., 2002; Teixell, 1998], showing that 
structural inheritance is a common feature in intraconti-
nental orogeny.

https://www.gt-crust.ru
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Fig. 1. Geological setting of north of Morocco. (a) – location of the study area within the Mediterranean region; (b) – simplified map 
of main tectonic domains and major faults[Ellero et al., 2012], showing the location of the study area (red outline); (c) – schematic 
NW-SE cross-section illustrating the Paleozoic basement, the Triassic-Jurassic cover, and the Cenozoic inversion structures [Poisson et 
al., 1998].
Рис. 1. Геологическая обстановка северной части Марокко. (a) – положение района исследования в пределах Средиземно
морского региона; (b) – упрощенная карта основных тектонических доменов и главных разломов [Ellero et al., 2012] с указа-
нием положения района исследования (красный контур); (c) – схематический разрез в направлении СЗ-ЮВ, показывающий 
палеозойский фундамент, триасово-юрский чехол и кайнозойские инверсионные структуры [Poisson et al., 1998].
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Within this regional framework, the Azilal Province 
constitutes a key sector of the Central High Atlas (Fig. 1). 
Its geological architecture is particularly complex, being 
controlled by inherited basement faults, Triassic evaporitic 
levels acting as décollements, and the superposition of 
several extensional and compressional phases [Missenard 
et al., 2007]. Previous studies highlighted large-scale folds, 
thrust contacts, normal faults and diapiric structures such 
as the well-known Talmest diapir, which exemplifies the 
role of Triassic salt in accommodating deformation [Ettaki 
et al., 2007; Ibouh et al., 2001; Martín-Martín et al., 2017]. 
Additional observations in the Tansrift area have revealed 
copper mineralization associated with the red beds, fur-
ther illustrating the interplay between tectonics, diapirism, 
and fluid circulation [Ibouh et al., 2011]. Complementing 
these surface observations, geophysical investigations are 
considered crucial for resolving the subsurface geometry 
and assessing the structural control of inherited disconti-
nuities and evaporitic décollements.

Therefore, geophysical methods are a very useful com-
plement to geological mapping. The Bouguer anomaly maps 
help to identify structural uplifts and subsiding basins, 
while processing techniques such as the Horizontal Gradi
ent Magnitude (HGM), CET (Centre for Exploration Targeting 
at the University of Western Australia) edge detection and 
Euler deconvolution provide critical constraints on the ge-
ometry of subsurface faults and allow depth estimates of 
crustal features to be made [Cooper, Cowan, 2006; Holden 
et al., 2008; Reid et al., 1990; Sassioui et al., 2023]. These 
methods have already been applied successfully in other 
Moroccan basins, for example, Tadla and Missour, where 
they revealed the influence of the Triassic evaporites and 
basement uplifts on basin development [Nait Bba et al., 
2019; Najine et al., 2006].

In this study, we apply an integrated approach in the 
Azilal Province – a part of the Central High Atlas – by com-
bining gravity data with detailed field observations. The 
Bouguer and residual anomalies are compared with surface 
geology. The gravimetric lineament analysis, systematically 
comparing these datasets, aims to determine the degree to 
which the inherited Paleozoic basement faults are present 
there. The Triassic evaporitic décollements controlled the 
regional polyphase tectonic evolution. Ultimately, this re
search seeks to provide new constraints on the role of struc
tural inheritance in intracontinental inversion tectonics, 
with implications for the geodynamic evolution of the Atlas 
system and similar orogenic belts.

2. GEOLOGICAL AND TECTONIC  
CONTEXT

The Azilal Province, located in the Central High Atlas 
of Morocco, is part of an intracontinental orogenic system 
shaped by the complex interaction between the inherited 
basement structures and the subsequent Mesozoic-Ceno
zoic tectonic events [Mattauer et al., 1977; Michard, 1976; 
Piqué et al., 2002]. The region provides valuable insights 
into crustal reactivation, tectonic inversion, and sedimen-
tary basin development in an intraplate setting.

The geological basement consists mainly of the Precam
brian and Paleozoic metamorphic units, including schists 
and quartzites which are exposed locally in the southern 
part of the province. These units, affected by the Hercynian 
orogeny, later served as structural templates for Mesozoic 
rifting and Cenozoic inversion phases [Beauchamp et al., 
1999; Laville, Piqué, 1992]. The Triassic record marks the 
onset of rifting, with thick red beds, evaporites (gypsum 
and halite), and basaltic flows related to the opening of the 
Central Atlantic [Beauchamp et al., 1996].

The Jurassic sedimentation was dominated by shallow 
marine carbonates, mainly limestones and dolomites ac-
cumulated on extensive platforms during a long period of 
relative tectonic stability. These platforms are particularly 
well exposed in the Azilal region, as illustrated in the geo
logical map of the study area (Fig. 2). During the Late Juras
sic and Early Cretaceous, the basin’s development was 
marked by a transition to mixed carbonate-siliciclastic sedi
mentation, indicating local tectonic disturbances and syn-
sedimentary faulting [Frizon de Lamotte et al., 2009].

The Cenozoic evolution of the region is characterized 
by the deposition of thick fluvio-lacustrine successions in  
syn-orogenic basins. These deposits document the inver-
sion of former extensional faults into compressive struc-
tures during the Alpine orogeny, giving rise to the ENE-
WSW trending folds and associated thrusts [Hafid, 2000; 
Teixell et al., 2003]. Recent studies [Moussaid et al., 2023; 
Oujane et al., 2025] emphasize the persistence of active de-
formation in the Azilal sector, evidenced by uplifted struc
tures and ongoing seismic activity. Altogether, the Azilal 
region offers a comprehensive geological archive for un-
derstanding the structural inheritance and tectonic inver-
sion processes in the Central High Atlas. It remains a key 
area for exploring the dynamics of intracontinental de-
formations and the evolution of complex fold-and-thrust 
belts in the High Atlas, Morocco.

3. DATA AND METHODOLOGY
The gravity data used in this study were extracted from 

the WGM2012 global gravity model [Bonvalot et al., 2012], 
which integrates satellite, terrestrial, and marine observa
tions to provide a consistent representation of the Earth’s 
gravity field. We worked with the complete Bouguer anoma-
ly provided by WGM2012 (reduction density 2.67 g/cm3) at 
2'×2' (~3.7 km at this latitude). Because the global Bouguer 
product relies on a ~1–2 km DEM for terrain corrections, 
it is best suited to regional signals. We therefore restrict 
our interpretations to the first-order, crustal-scale features 
rather than to small individual structures. Grids were pro-
jected to WGS84 UTM 29N for analysis, resampling for 
display (e.g., to 500 m) does not add the resolution. With 
regard to regional-residual separation and filtering to em-
phasize map-scale structural variations while minimizing 
short-wavelength terrain leakage, we separated region-
al and residual components using upward continuation 
rather than a polynomial detrend. Specifically, we con
tinued the Bouguer field by 5, 10, and 15 km upward and 
used a 10 km upward-continued grid for edge detection 
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Fig. 2. Geological map of the study area, compiled from the 1:100000 geological maps of Azilal, Béni Mellal, Afourer, Zawyat Ahansal, 
Demnate, Tinghir, and Imilchil, and from the 1:200 000 geological map of Demnat-Telouet.
Рис. 2. Геологическая карта района исследования, составленная по геологическим картам Азилала, Бени-Меллаля, Афурера, 
Зауят-Ахансаля, Демната, Тингира и Имильчиля, масштаб 1:100000, и по геологической карте Демнат-Телуэта, масштаб 
1:200000.

and lineament mapping, which suppresses wavelengths 
shorter than ~20 km. Results are shown only where fea-
tures are stable across the 5–15 km continuation range. 
This approach focuses the analysis on wavelengths that 
we can resolve with the WGM 2012 grid in mountainous 
terrain. To characterize the structural architecture of the 
study area, a combination of gradient-based, edge-detec-
tion, and depth-estimation techniques was applied within 
the Oasis Montaj environment. The workflow involved (1) 
the HGM to highlight lateral density contrasts, (2) CET grid 
analysis to extract lineaments automatically, and (3) Euler 
deconvolution to estimate depth and geometry of the caus-
ative sources. Structural field measurements, obtained for 
folds, thrusts and normal faults, were used to validate and 
refine the geophysical interpretations. Although the 2'×2' 
spatial resolution (~3.7 km) of the WGM2012 model re-
duces the probability of detection for very small or shal-

low faults, this study focuses on crustal-scale and major 
regional structures. Furthermore, integrating multiple fil
tering techniques and field observations increases the re-
liability and accuracy of the results.

3.1. Horizontal gradient gravity magnitude
The HGM method was applied to the residual field 

to enhance lateral density contrasts such as major faults, 
basement steps, and basin margins [Blakely, Simpson, 1986; 
Salem et al., 2008]. HGM is defined as:

HGM=





 +









dg
dx

dg
dy

2 2

. 	 (1)

High HGM values correspond to zones of abrupt densi-
ty change, typically associated with structural discontinu-
ities, while low-gradient regions represent more homoge-
neous domains. The technique is robust, stable, and less 

660000

660000

680000 700000 720000 740000 760000 780000 800000 820000

680000 700000 720000 740000 760000 780000 800000 820000

3
5

8
0

0
0

3
5

6
0

0
0

3
5

4
0

0
0

3
5

2
0

0
0

3
5

0
0

0
0

3
4

8
0

0
0

3
4

6
0

0
0

3
5

8
0

0
0

3
5

6
0

0
0

3
5

4
0

0
0

3
5

2
0

0
0

3
5

0
0

0
0

3
4

8
0

0
0

3
4

6
0

0
0

Study area

Locality

Trust

Fault

Quaternary

Cenozoic

Cretaceous

Dogger 
magmatic rocks
Dogger (continental)

Dogger (marine)

Lias
Stephanian –
Triassic

Lower Carboniferous

Cambro-Devonian

Precambrian

0 20000 40000 m

WGS 84 / UTM zone 29N

Tanant

Foum Jemaa

Aїt Attab

Afourer Ouaouizeght

Azilal

Z-Ahanҫal

Aїt Tamlil

Demnat

https://www.gt-crust.ru


https://www.gt-crust.ru 6

Geodynamics & Tectonophysics 2026 Volume 17 Issue 2Assoussi S. et al.: Integration of Gravimetric and Field...

sensitive to noise, making it particularly effective in tec-
tonically complex regions [Blakely, Simpson, 1986; Salem 
et al., 2008]. In Morocco, similarly applied HGM method 
enabled successful delineation of fault systems, basin 
margins, and major tectonic contacts [Hafid et al., 2006; 
Khattach et al., 2013], supporting its validity for this study. 
The HGM map generated here clearly outlines the main 
structural trends and provides valuable constraints for 
subsequent analyses.

3.2. Lineament extraction via  
CET grid analysis

Automatic lineament extraction using the CET grid ana
lysis plugin was developed by the Centre for Exploration 
Targeting [Holden et al., 2008] in Oasis Montaj. This tool 
enhances directional textures within gridded datasets 
through multiscale filtering and variance-based edge de-
tection, allowing the automatic extraction of linear fea-
tures that likely represent faults, fractures, or shear zones. 
The algorithm computes local orientation tensors and di-
rectional contrasts to identify continuous alignments that 
may correspond to structural discontinuities.

This approach is particularly suited for mountainous 
and structurally heterogeneous regions, where traditional 
visual interpretation may fail to capture subtle linear trends. 
In this study we used multiscale filtering to enhance di-
rectional textures, and then applied the "Find lineaments" 
tool with a contrast threshold of 0.70 (70 %), minimum 
segment length of 5 km, and a gap-closure/simplification 
tolerance of 2.0 km. CET analysis yielded a dense and co
herent network of lineaments, which were further analyzed 
using rose diagrams to determine the dominant orientation 
families. The resulting lineament map displays several pre-
ferred directions that coincide with the main tectonic pat-
terns of the study area. Comparable studies in the Moroccan 
and North African contexts [Bencharef et al., 2022] have 
demonstrated the effectiveness of CET analysis for map-
ping regional fracture systems and subsurface fault zones, 
confirming its reliability within the tectonic framework 
considered herein.

3.3. Euler deconvolution for source  
depth estimation

The 3D Euler deconvolution method [Reid et al., 1990] 
was applied to estimate the depth and spatial distribution 
of subsurface density sources responsible for the observed 
gravity anomalies. This technique is based on Euler’s homo-
geneity equation, which relates the gradients of the poten-
tial field to the location and depth of the causative bodies 
through the Structural Index (SI):

x x dg
dx

y y dg
dy

z z dg
dz

N B g−( ) + −( ) + −( ) = −( )
0 0 0

,    (2)

where N is the structural index, B – the regional field, and 
(x0, y0, z0) – the coordinates of the source.

In this study, Euler solutions were calculated with SI=0 
(contact-type sources), a window size of 10×10 cells, and a 
tolerance of 15 %. Solutions with depth uncertainty >20 % 

or low signal-to-noise ratio were discarded. These param
eters provide a good balance between resolution and sta-
bility, minimizing spurious results but preserving genuine 
subsurface structures. The derived Euler solutions delineate 
clustered zones that correspond to deep-seated fault sys-
tems and major lithological boundaries. The depth esti-
mates were cross-validated with the HGM and CET results, 
ensuring internal consistency among the different process
ing techniques. The interpretation of clustered Euler solu
tions helped to define the geometry, depth, and continuity 
of key tectonic features.

3.4. Field trip for validation and interpretation
A field campaign across the Azilal segment documented 

the main fold and fault systems used to validate geophysi
cal interpretations. We sampled the northwestern part of 
the Central High Atlas, to validate and interpret geophysi-
cal findings. Field observations focused on identifying and 
characterizing fault zones, measuring structural orienta-
tions, and assessing their consistency with geophysical 
lineaments. The data were collected using GPS, a geologi-
cal compass, a geological hammer, and QField for visualiza-
tion, complemented by detailed photographic documenta-
tion. These observations provided ground-truth evidence 
to support the interpretation of the gravity results.

4. RESULTS
4.1. Bouguer and residual anomalies

The Bouguer anomaly map of the Azilal Province (Fig. 3, 
a) shows clear lateral variations, with values ranging from 
about –17.5 mGal to +52.3 mGal. Broadly spreading posi
tive values dominate the central and northern domains, 
whereas a wide negative domain is typical of the south-
east. The long-wavelength patterns therein are most sim-
ply explained by variations in basement depth and the 
thickness proportion of relatively low-density Mesozoic 
cover. Positive anomalies are thick and uplifted; having lo
calized contributions from denser mafic rocks (Triassic ba-
salts, Jurassic gabbros) and compared the Bouguer anomaly 
map (Fig. 3, a) with the geological map (see Fig. 2), we ob
serve that positive anomalies are concentrated in the cen-
tral and northern parts of the area dominated by dense 
Jurassic carbonate ridges and uplifted basement blocks. 
Negative anomalies broadly coincide with the areas of a 
thicker sedimentary cover and a deeper basement, espe
cially in the southeastern sector. In the saltinfluenced do
mains such as Talmest, gravity lows may also reflect the 
concentration of lowdensity evaporites along the diapiric 
structures and adjacent minibasins rather than along simple 
sedimentfilled depocenters. By contrast, the Ouaouizaght 
locality corresponds to gravity highs, consistent with the 
uplifted Jurassic carbonate units and a relatively shallow 
basement. Dense mafic units (Triassic basalts, Jurassic gab
bros) could locally enhance the gravity field where they 
are laterally extensive, although their contribution is likely 
muted at the 2' WGM2012 resolution. Overall, the long-
wavelength gravity patterns are consistent with first-order 
structural segmentation of the province.
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Fig. 3. Gravity anomaly maps of the study area. (a) – Bouguer anomaly; (b) – residual anomaly. Labe1s 1 and 2 correspond to the 
J.Abbadine diapir and the Talmest diapir, respectively.
Рис. 3. Карты аномалий силы тяжести в районе исследования. (a) – аномалия Буге; (b) – остаточная аномалия. Метками 1 и 2 
обозначены диапиры Дж. Аббаддин и Талмест соответственно.
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The residual anomaly map (Fig. 3, b), evaluated on the 
10 km upward-continued field to suppress short-wave-
length terrain leakage, emphasizes gradients and edges as-
sociated with major structural boundaries at wavelengths 
≥~20 km. Residual positive zones broadly coincide with 
folded carbonate highs and basement culminations, where
as residual negative zones align with minibasinal domains 
and diapiric corridors. Importantly, density reductions in 
salt-influenced systems may localize along salt walls and 
diapirs due to evaporite concentration, while adjacent 
minibasins can be comparatively denser; hence, residual 
lows near the mapped diapiric structures need not imply 
sediment-filled depocenters. In the Talmest area, the pro-
nounced residual low coincides with the mapped diapiric 
belt and is consistent either with (i) low-density evaporite 
concentrations along the salt structures or (ii) a locally 
deeper basement beneath the adjacent minibasins. By con
trast, the Ouaouizaght locality sits within a residual high, 
consistent with shallow, uplifted carbonate units and a rela-
tively shallow basement. Overall, the Bouguer and residual 
patterns partition the province into uplifted carbonate-do
minated blocks and regionally intervening basinal/diapiric 
domains.

4.2. Lineament extraction (CET and HGM)
The extraction of lineaments from gravity data clarifies 

the main structural orientations in the Azilal Province. The 
CET grid analysis (Fig. 4, a) highlights discrete and seg
mented lineaments distributed across the area. The rose-
diagram of the extracted lineament directions confirms 
three principal families: a dominant NE-SW set, with sub
ordinate E-W, NE-SW, and NW-SE trends. In addition to 
straight traces, CET method also reveals curvilinear fea
tures, interpreted as fold hinges or influenced zones, par
ticularly in the southeastern part of the province.

The HGM map (Fig. 4, b) enhances sharper and more 
continuous edges as compared to the CET results. The HGM-
derived lineaments track major lateral density contrasts 
and, within tolerance mapping, are broadly coincident with 
the mapped thrust boundaries and extensional faults, as 
well as with salt-related structures, diapir/walls and adja-
cent minibasins on the geological map. The rose-diagram 
emphasizes the predominance of NE-SW lineaments, with 
a secondary NW-SE set. The major NE-SW-striking thrust 
contacts align with this dominant trend.

The continuity and density of HGM edges support the 
view that basement-controlled structures segment the 
province into tectonic blocks. Because HGM delineates 
edges of high-density bodies, the persistence of these edges 
over long distances and their alignment with inherited 
basement grain (Variscan) are consistent with deep-seated 
features rooted in the Paleozoic basement that partitioned 
the sedimentary cover into discrete blocks.

Taken together, CET efficiently identifies localized, cur
vilinear features, whereas HGM emphasizes the continuity 
of major linear structures. Their agreement yields a co-
herent tectonic framework in which gravityderived linea-
ments broadly correlate with mapped geological bound

aries and the distribution of density-contrasting facies. 
Given the 2' WGM2012 resolution, we interpret these pat
terns at regional scale and avoid assigning shortwavelength 
features to specific small faults unless corroborated by 
field evidence.

4.3. Euler deconvolution
Euler solutions (Fig. 5) cluster into three depth bands at 

the scale of the WGM2012 grid: <1 km, 1–2 km, and 2–4 km. 
The shallow solutions (<1 km) are only considered in
dicative, given the 2' resolution and potential short-wave-
length terrain leakage; they are commonly plotted along 
the mapped fold hinges and diapiric belts but they are not 
quantitative.

Intermediate-depth solutions (1–2 km) form continuous 
belts that align with the principal lineaments extracted 
from the HGM and CET analyses (typically within a few 
hundred meters). We interpret them as upper-crustal con-
tacts and fault zones that bound carbonate highs and ad-
jacent minibasins. Absolute depths should be regarded as 
order-of-magnitude estimates consistent with the dataset 
resolution.

The deepest solutions (2–4 km) are concentrated in 
the southern sector and coincide with the major NE-SW 
gravity edges. We interpret these clusters as basement-
rooted faults or steps in the Paleozoic basement, reactivated 
during the Atlas inversion. Their distribution supports a 
basement-controlled segmentation that influenced basin 
geometry and localization of salt structures.

To enhance robustness, we retained only clustered solu
tions persisting across reasonable parameter choices and 
discarded isolated picks or those with large depth uncer-
tainties. Within these bounds, depth variations are small 
relative to the separation between the three bands, so we 
use Euler primarily to map relative depth domains rather 
than precise source depths.

4.4. Field Observations
Field observations (Fig. 6, 7) were used to ensure that 

surface structures correspond to gravity-derived linea
ments. Major faults in the area, including the Azilal-Azourki 
fault, the Talmest fault zone, and the North Atlas fault, 
have orientations ranging from NE-SW to E-W and align, 
within mapping tolerances, with the principal lineaments 
highlighted by the HGM and CET analyses. Their geome-
try and along-strike continuity are consistent with base
mentinvolved structures inherited from the Jurassic rifting 
and reactivated during the Atlas inversion; we note this as 
a working interpretation pending additional subsurface 
constraints.

The Jurassic formations display NE-SW-trending folds 
and fracture sets. Contractional structures predominate 
in the studied outcrops, including reverse faults and fault-
propagation folds (see Fig. 6, b; Fig. 7). Minor extensional 
faults do occur locally within the Upper Lias-Dogger series, 
but they are of secondary importance and likely represent 
relict rift-phase features. Despite a small scale, the orien-
tations and spatial distribution of these structures closely 

https://www.gt-crust.ru


https://www.gt-crust.ru 9

Geodynamics & Tectonophysics 2026 Volume 17 Issue 2Assoussi S. et al.: Integration of Gravimetric and Field...

Fig. 4. Gravity lineaments in Azilal Province. (a) – CET-extracted lineaments; (b) – HGM lineaments, overlaid on the HGM map. NAF – 
North Atlas fault, AZF – Azilal-Azourki fault.
Рис. 4. Гравилинеаменты в провинции Азилал. (a) – линеаменты, выделенные методом CET; (b) – линеаменты, выделенные 
с помощью модуля горизонтального градиента (HGM), с наложением на карту HGM. NAF – СевероАтласский разлом, AZF – 
разлом Азилал-Азурки.
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Fig. 5. 3D Euler solution computed on the 10 km upward-continued Bouguer residual (SI=0 (contact); window size=10×10; T=15 %).
Solutions are colored by depth; only clustered picks were retained, and those with depth uncertainty >20 % were discarded. Major 
mapped faults and fold hinges.
Рис. 5. Решения 3D уравнений Эйлера на основе остаточной аномалии Буге для поля, пересчитанного вверх на 10 км (SI=0, 
(контакт); размер окна 10×10; T=15 %).
Решения окрашены в разные цвета в соответствии с уровнем глубины; сохранены только групповые выборки, а выборки с 
неопределенностью глубины >20 % исключены. Показаны основные закартированные разломы и шарниры складок.

match the NE-SW lineaments mapped from the HGM/CET 
results, providing surface evidence consistent with the 
geophysical interpretation.

The uplifted, high-elevation Jurassic carbonate blocks 
coincide with the Bouguer gravity highs, consistent with 
structural culminations above relatively shallow basement. 
Taken together, the field and gravity datasets show that 
structural inheritance left a strong imprint on later defor-
mation and basin segmentation which likely influenced 
fluid-migration pathways during the subsequent Atlas in-
version.

Fig. 8 summarizes the orientations of the main fault 
systems, comparing rose diagrams from gravity-derived 
lineaments (Fig. 8, a) and geological field measurements 
(Fig. 8, b). Both datasets show a dominant NE-SW trend, 
consistent with the regional structural grain inherited from 
the Paleozoic basement faults and reactivated during the 
Mesozoic extension and Alpine compression. Subordinate 
NW-SE and E-W to ENE-WSW families are also present. The 
close agreement between the gravity and field datasets 
(orientation differences typically ≤15° at the WGM2012-
resovable regional scale) supports the robustness of the in
tegrated interpretation and indicates that inherited struc

tures controlled both surface deformation and deeper crustal 
architecture.

5. DISCUSSION
Field observations, combined with gravity results, pro-

vide new constraints on how inherited structures shaped 
the present architecture of the Azilal Province. The orien-
tation and geometries of the mapped faults, together with 
the deformation affecting the Jurassic strata, indicate that 
pre-existing rift-related discontinuities exerted a persistent 
control at a later tectonic phase. This influence is especially 
evident around the Talmest diapir, where a pronounced re
sidual gravity low and clusters of intermediate-depth Euler 
solutions coincide with the diapir surface trace. This spa-
tial correlation suggests that salt mobilization and diapir 
rise were facilitated by differential subsidence along the 
inherited fault zone, with the feeder zone rooted within 
the Triassic-Liassic interval. Likewise, the Bouguer gravity 
highs over the uplifted Jurassic limestone plateaus are con-
sistent with the competent blocks above relatively shallow 
basement steps. Overall, these relationships highlight that 
tectonic inheritance and lithological heterogeneities ex-
erted a first-order control on the subsequent deformation, 
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Fig. 6. Field example of compressional and salt-related deformation in the Azilal Province.
(a, b) – reverse faults and thrust-related deformation affecting Jurassic carbonate successions; (c, d) – reverse faulting within marl-lime-
stone alterations, consistent with Alpine shortening; (e) –fault-propagation fold developed in marly to marly-limestone unit, associated 
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with thrust activity; (f) – quartz vein offset by a brittle fault affecting Triassic basalts; (g) – fault plane in marls showing a mirror surface 
with calcite slickensides and kinematic indicators.
Рис. 6. Пример полевого определения деформаций сжатия и пластических деформаций соли в провинции Азилал.
(a, b) – взбросы и надвиговая деформация, затрагивающая юрские карбонатные толщи; (c, d) – взбросообразование в мергель-
ноизвестняковых чередованиях, соответствующее укорочению земной коры в Альпах; (e) – складка продвижения разлома, 
сформировавшаяся в мергельной – мергельно-известняковой толще, связанная с надвиговой активностью; (f) – кварцевая 
жила, смещенная хрупким разломом, затрагивающим триасовые базальты; (g) – плоскость разлома в мергелях с зеркалом 
скольжения, на котором отмечены штрихи скольжения в кальците и кинематические индикаторы.

Fig. 7. Fault system affecting the Dogger formation in the Aguerd N’Tazoult sector.
Рис. 7. Система разломов, затрагивающих отложения формации Доггер в секторе Агуэрд Н’Тазулт.

Fig. 8. Rose diagrams of fault systems derived from gravity lineaments (a) and geological field data (b).
Рис. 8. Роза-диаграммы систем разломов, построенные по гравилинеаментам (a) и по полевым геологическим данным (b).
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basin segmentation, and localization of diapirism in the 
study area [Ibouh et al., 2001; Martín-Martín et al., 2017; 
Missenard et al., 2007].

The Bouguer and residual anomaly maps show marked 
gravity contrasts that broadly follow major lithological units 
and structural domains. Dense Jurassic carbonates tend to 
produce positive anomalies, whereas low-density Trias
sic evaporites and Jurassic marls contribute to negative 
anomalies. However, these contrasts do more than mirror 
density differences: they also reflect rheological layering 
and its role during both rifting and subsequent inversion. 
Competent carbonate successions behaved as relatively 
rigid blocks, accommodating deformation by block uplift 
and flexure and yielding prominent gravity highs. In con-
trast, the mechanically weak Triassic evaporites localized 
strain, acted as effective décollements, and enabled vertical 
flow. Residual lows near the Talmest diapir coincide with 
the diapir corridor and adjacent minibasins and can reflect 
both the concentration of low-density evaporites along 
the salt structures and local variations in the basement 
depth [Ayarza et al., 2005]. These relationships suggest 
that lithology-dependent rheology strongly influenced 
fault propagation, fold geometry, and the location of dia-
pirs during the tectonic evolution of the Azilal region.

The distribution of these anomalies on the updated 
geological map (Fig. 9) underscores the joint control of 
lithological heterogeneity and tectonic segmentation. Com
parable gravity patterns, documented in the region [Bouti
rame et al., 2018; Saura et al., 2025; Najine et al., 2006; 
Vergés et al., 2017] and other sectors of the Central High 
Atlas [Assoussi et al., 2025a, 2025b; Ayarza et al., 2005; 
Bouzekraoui et al., 2024], confirm that the anomaly sig-
natures identified in Azilal Province reflect regional-scale 
tectonic patterns rather than local artifacts. Comparable 
patterns elsewhere in the High Atlas show low residual 
anomalies tracking diapiric corridors and adjacent mini-
basins, as well as highs coinciding with carbonate ridges 
and basement culminations.

The analysis of lineaments derived from the CET grid 
and HGM filters (see Fig. 4) highlights three dominant 
structural orientations, which we classify according to their 
inferred age, depth range, and tectonic role:

The NE-SW trending faults (Variscan inheritance), cor-
responding to reactivation of basement discontinuities de
tected primarily in the deep Euler tier, controlled both Meso
zoic rift architecture and Cenozoic thrust localization. This 
interpretation is supported by previous studies in the re-
gion [Frizon de Lamotte et al., 2000; Laville, Piqué, 1992; 
Michard et al., 2010; Perez et al., 2019; Si Mhamdi et al., 
2021]. The NW-SE trending faults (Jurassic transfer zones) 
corresponded to intermediate-depth structures that accom
modate oblique extension during rifting and later acted as 
lateral ramps during inversion. They are interpreted as pa
leo-transfer zones that accommodated oblique deformation 
during the Jurassic rifting [Beauchamp et al., 1996; El Kochri, 
Chorowicz, 1996; Hafid, 2000; Lanari et al., 2020].

E-W trending structures (Alpine compression) are pre-
dominantly shallow and represent Cenozoic thrust fronts 

and fold axes superimposed on the inherited fabric. This 
dual structural network is consistent with previous studies 
in the region [Nait Bba et al., 2019] and in the Phosphates 
Plateau [Ibouh et al., 2001], as well as with those of inver-
sion settings in Tunisia [Bouaziz et al., 2002]. The coexis-
tence of these orientations explains the segmentation of 
depocenters, the lateral offset of fold axes, and the focus-
ing of diapirism, particularly at Talmest.

Euler deconvolution results (see Fig. 5) provide addi-
tional insights into the crustal significance of the identi-
fied fault systems. The Results section highlights three 
depth groups whose geological implications can be further 
refined. The shallow tier (<1 km) is consistent with near-
surface structures such as fold hinges and diapir belts and 
treated only as indicative, supporting the role of salt tec
tonics in basement segmentation [Saura et al., 2025; Hudec, 
Jackson, 2007; Jackson, Talbot, 1986]. The intermediate 
tier (1–2 km) aligns with HGM/CET lineaments and likely 
represents inherited faults within the upper sedimentary 
pile that were active during the Early-Middle Jurassic rifting 
and reactivated later, during compressions [Hafid, 2000; 
Haji et al., 2024; Frizon de Lamotte, Leturmy, 2014]. The 
deepest tier (2–4 km), concentrated in the southern sector, 
plausibly reflects basement-rooted faults or steps that acted 
as long-lived zones of weakness. Given the grid resolution 
and method assumptions, we use Euler primarily to map 
relative depth domains rather than precise source depths. 
Absolute depth values should be treated with caution given 
uncertainties (±10–15 %) as depicted in related literature. 
And the consistent clustering of solutions into three depth 
tiers provides a robust first-order framework for distin-
guishing shallow salt-related structures from deeper base-
ment-involved faults.

Field evidence further confirms that the Upper Liassic 
marls display signs of reactivation during the Alpine com-
pression, as described in [Ettaki et al., 2007; Frizon de 
Lamotte et al., 2011], The Talmest diapir provides a partic-
ularly illustrative example: it lies at the intersection of NE-
SW and NW-SE fault systems, coinciding with a residual 
gravity low and intermediate Euler depth solutions. This 
spatial correlation strongly suggests that diapirism was 
guided by the reactivation of pre-existing discontinuities, 
with Triassic evaporites acting as efficient décollement 
levels. Such observations support the close relationship 
between inherited fault geometries, evaporite mobility, 
and subsequent deformation.

The updated geological map (Fig. 9) synthesizes grav-
ity-derived lineaments with some unmapped faults seg-
ments field-verified based on HGM and CET maps, the three-
category depth classification of structures based on Euler 
deconvolution, and explicit delineation of the Talmest dia-
pir feeder zone based on residual anomaly patterns. These 
additions provide a more complete picture of fault net-
work controlling basin segmentation and fold localization 
in the Azilal Province.

Altogether, our updated structural map (Fig. 9) pro-
vides new constraints that are consistent with recent stud-
ies documenting multiphase strain and ongoing tectonic 
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Fig. 9. Updated geological map of the study area showing the main lithostratigraphic units, geological structures, and gravity-derived 
lineaments.
The geological cross-section A–B (red trace) across the Azilal Province was refined based on the map of Beni Mellal, Zaouit Ahansal 
(1:100000), field observation and geophysical results (Central High Atlas). NAF – North Atlas fault, AZF – Azilal-Azourki fault, TFZ – 
Talmest fault zone.
Рис. 9. Обновленная геологическая карта района исследования с указанием основных литостратиграфических подразделений, 
геологических структур и линеаментов, выделенных по гравиметрическим данным.
Геологический разрез A–B (красная линия) вдоль провинции Азилал уточнен по картам Бени-Меллаля и Зауят-Ахансаля, 
масштаб 1:100000, а также по результатам полевых наблюдений и геофизическим данным (Центральный Высокий Атлас). 
NAF – Северо-Атласский разлом, AZF – разлом Азилал-Азурки, TFZ – разломная зона Талмест.

activity in the Azilal sector [Casas-Sainz et al., 2023; Saura 
et al., 2025; Moussaid et al., 2023; Román-Berdiel et al., 
2023]. Building on these complementary datasets, we pro-
pose a polyphase tectonic evolution involving: (1) Juras
sic rifting and subsidence influenced by basement-rooted 

faults and Triassic evaporites, (2) localized diapirism and 
basin segmentation during continued extension, and (3) Ce
nozoic Alpine inversion, which reactivated the earlier ex
tensional faults, thrusts and folds. Similar tectonic sce
narios have been described in other sectors of the High 

TFZ

NAF

AZ
F

0 20000 40000 m

WGS 84 / UTM zone 29N

660000 680000 700000 720000 740000 760000 780000 800000 820000

3
5

8
0

0
0

3
5

6
0

0
0

3
5

4
0

0
0

3
5
2
0
0
0

3
5
0
0
0
0

3
4
8
0
0
0

3
4
6
0
0
0

660000

3
5

8
0

0
0

3
5

6
0

0
0

3
5

4
0

0
0

3
5
2
0
0
0

3
5
0
0
0
0

3
4
8
0
0
0

3
4
6
0
0
0

680000 700000 720000 740000 760000 780000 800000 820000

Study area

Locality

Trust

Fault

Quaternary

Cenozoic

Cretaceous
Dogger 
magmatic rocks

Dogger (continental)

Dogger (marine)

Lias
Stephanian-
Triassic

Lower Carboniferous

Cambro-Devonian

Precambrian

Profile A-B Gravity lineament

3000

A B

2000

1000

0

3000

2000

1000

0 m

Syncline Ouaouizaght

J.Abbadine diapir Jbel AzourkiTalmest diapir

0 10 km

B

A

https://www.gt-crust.ru


https://www.gt-crust.ru 15

Geodynamics & Tectonophysics 2026 Volume 17 Issue 2Assoussi S. et al.: Integration of Gravimetric and Field...

Atlas belt [Escosa et al., 2021; Si Mhamdi et al., 2024; 
Skikra et al., 2025].

From a methodological perspective, this study demon-
strates the value of integrating multi-scale gravity trans-
formation with field geological observations for character-
izing complex inversion systems. The workflow presented 
here combines the observed-field analysis, residual-anom-
aly mapping, gradient-based lineament detection and Euler 
depth estimation, thus providing a transferable and appli-
cable approach to other intracontinental fold belts where 
the subsurface data remain limited.

This integrated discussion demonstrates that the Azilal 
Province is a representative case of inversion tectonics, 
where the inherited basement structures and evaporitic 
décollements together controlled the style of deformation 
and the geodynamic evolution. Beyond the regional frame-
work, these findings contribute to a broader understand-
ing of intracontinental mountain belts worldwide.

6. CONCLUSION
This study uses the geophysical and field data to ex

amine the role of inherited structure in controlling tectonic 
architecture in the Azilal region in Morocco from rifting 
to inversion. The Bouguer and residual anomaly maps re-
veal significant density contrasts, with positive anomalies 
linked to uplifted carbonate ridges and negative anoma-
lies corresponding to subsiding depocenters filled with 
the Triassic evaporites and Jurassic marls. Lineament ex-
traction using CET grid analysis and HGM filters identifies 
three dominant fault systems: NE-SW, NW-SE and E-W, 
which reflect inherited basement structures. The depth so
lution indicates the upper-to-mid-crustal extension of the 
major fault within the region. Future quantitative analysis 
is planned to further validate these interpreted geome-
tries and refine the depth estimates. We conclude that the 
Azilal Province provides a representative case for investi-
gating tectonic inversion of inherited basement structures 
and evaporitic décollements which jointly control the de-
formation style and geodynamic evolution. Beyond the 
Moroccan context, these results contribute to a broader 
understanding of intracontinental orogens and carry im-
plications for natural resource exploration, since the struc-
tures that governed tectonic evolution also guided fluid 
migration and mineralization.
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