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2. Publishable Summary

Deliverable D2.1 establishes the methodological framework for identifying and selecting terrestrial
analogue sites in Morocco and the Canary Islands, to be used for testing construction methods
relevant to both planetary exploration and terrestrial disaster-relief contexts. The report introduces
a site selection scorecard, combining primary criteria (geology, soil and pedology, climate and
environment, logistics) with secondary aspects (interdisciplinary value, outreach potential). Each
criterion is scored and weighted to enable transparent and reproducible evaluation.

The deliverable then provides a comparative geological and pedological overview of six candidate
regions:

. Canary Islands: intraplate volcanic province, hotspot-related magmatism, diverse
volcanic soils.

. Middle Atlas: intracontinental orogen with Jurassic limestones, Triassic volcanics,
and karst landscapes.

. High Atlas: Alpine orogen with high peaks, complex tectonics, and diverse soll
systems.

. Anti-Atlas: Precambrian—Paleozoic basement with arid pedological systems

(Aridisols, Calcisols).

. Erfoud region: foreland basin at the Atlas—Sahara transition, shaped by tectonics
and arid geomorphology.

. Tarfaya Basin: Atlantic margin sedimentary basin, representing contrasting low-
relief coastal environments.

Together, these regions illustrate the extraordinary geodiversity of the project’s study area. The
final selection of three regions for detailed investigation will be guided by the scorecard criteria
and refined through a two-step process: desk-based analysis of available data, followed by
targeted field reconnaissance.

By integrating selection criteria with regional geological knowledge, this deliverable lays the
foundation for the next phases of WP2, ensuring comparability across sites and supporting the
overarching objectives of the ArchiSpace project.
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3. Introduction

This deliverable presents the scientific and methodological foundations for the selection of study
sites within the ArchiSpace project. The identification of appropriate case-study areas is a crucial
step to ensure that the project objectives can be achieved under robust and representative
geological conditions. In particular, the deliverable establishes transparent and reproducible
criteria for site selection, combining geological, geomorphological, environmental and logistical
considerations. These criteria are designed to guarantee that the chosen sites not only capture the
diversity of the targeted geological contexts, but also provide reliable frameworks for data
acquisition, integration, and interpretation at multiple spatial and temporal scales.

Following this methodological framework, the deliverable describes in detail five major geological
regions that have been retained as priority areas for investigation. These regions are distributed
across Morocco and the Canary Islands, two areas characterized by exceptional geodiversity,
active geodynamic processes, and a high potential for advancing the project’s research agenda.
Each region has been selected to illustrate specific geological features, ranging from volcanic
plateaus and tectonic margins to coastal and sedimentary systems, thereby offering
complementary insights into the broader themes of ArchiSpace.

By combining clearly defined selection criteria with the systematic characterisation of these five
regions, this deliverable provides a coherent baseline for subsequent research activities within
WP2. It sets the stage for the detailed site investigations, field campaigns, and data analyses that
will follow, ensuring comparability across study areas and alignment with the overall objectives of
the project.

Page | 3

This project has received funding from the European Union’s Horizon 2023 research and innovation
programme under HORIZON-MSCA-2023-SE-01 grant agreement No 101183089




4. Selection Criteria for tests
4.1 Introduction

Work Package 2 (WP2) aims to identify, document, and characterize terrestrial analogue sites for
the testing of innovative construction methods applicable to both planetary environments (Moon,
Mars) and terrestrial disaster-relief scenarios. Candidate areas include volcanic terrains in the
Canary Islands and contrasting geological settings in Morocco (Middle Atlas, High Atlas, Atlantic
margin south of Agadir, and the Erfoud desert margin).

This document consolidates the site selection scorecard (Figure 1) and its explanatory guidelines.
The scorecard has been designed to ensure transparent, reproducible, and interdisciplinary
evaluation of sites of approximately 1 km2. Both primary criteria (essential for geoscientific and
operational purposes) and secondary criteria (enhancing interdisciplinary and outreach value) are
included.

4.2 Site Selection Scorecard

The proposed scorecard consists of four main primary categories—Geology, Soil/Pedology,
Climate & Environment, and Logistics & Practical Constraints— complemented by secondary
aspects addressing interdisciplinary and analogue potential. Each sub-criterion is scored from O to
5 and weighted according to its relevance. The complete template is provided in Figure 1.

SITE NAME LOCALISATION
Main Criterion Weight (%) Sub-Criterion Score (0-5)| Comments|
Geology 30(Lithology type (volcanic, pyroclastic, sedimentary)
Geology 30[Lithological homogeneity (% area dominated by one type)
Geology 30|Topography (mean slope, slope variability)
Geology 30| Thickness of unconsolidated cover
Soil / Pedology 25|Grain size distribution (sand/silt/clay/gravel)
Soil / Pedology 25|Plasticity (Atterberg limits)
Soil / Pedology 25|Permeability & drainage
Soil / Pedology 25|Carbonates/salts content, chemical aggressiveness
Soil / Pedology 25|Thickness of exploitable layer
Climate & Environment 20|Rainfall and seasonality
Climate & Environment 20|Temperature (mean and extremes)
Climate & Environment 20|Wind regime
Climate & Environment 20|Natural hazards (floods, landslides, seismicity)
Logistics & Practical Constraints 25| Accessibility (roads, distance to logistic hubs)
Logistics & Practical Constraints 25|Proximity of infrastructure (water, power, accommodation)
Logistics & Practical Constraints 25|Permits and land ownership

Figure 1. First part of site Selection Scorecard template (Excel-based). Each sub-criterion includes
weight, score (0-5), and comments fields.

4.3 Primary Criteria (mandatory)
o Geology (30%)
o Lithology type, lithological homogeneity, fracture density, topography (slope), thickness of
unconsolidated cover.

¢ Soil / Pedology (25%)
o Grain size distribution, plasticity (Atterberg limits), permeability and drainage, chemical
aggressiveness (carbonates/salts), depth of exploitable layer.

¢ Climate & Environment (20%)

o Rainfall and seasonality, temperature range, wind regime, natural hazards (floods,
landslides, seismicity).

¢ Logistics & Practical (25%)
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¢ Accessibility, proximity of infrastructures, permits/land ownership, safety and emergency
services, operational costs.

4.4 Secondary Criteria (optional, qualitative)
o Geology (Secondary)

 Availability of construction-grade materials, natural crust cohesion, magnetic or specific
physical properties.

» Soil / Pedology (Secondary)
« Soil moisture retention, chemical variability across micro-environments.
« Climate & Environment (Secondary)

e Solar exposure, atmospheric humidity, length of daylight cycles (analogue of lunar/ Martian
conditions), interannual variability.

e Logistics & Practical (Secondary)

e Telecommunication coverage, water availability for technical use, flat areas for temporary
facilities, local fauna/environmental safety.

e Interdisciplinary / Outreach (Secondary)

e Pedagogical and demonstrative value, comparability with existing datasets, symbolic/
communication potential.

4.5 Application Guideline
The scorecard is intended to be used in a two-phase process:

1. Desk-based assessment using existing maps, reports, and remote sensing data to pre-
select ~10 candidate sites.

2. Field reconnaissance (3 days per site) to update scores with ground truth, collect samples,
and evaluate logistics.

Sites with normalized scores = 3.5 (out of 5) are recommended as primary analogue sites; those
between 3.0 and 3.5 may serve as secondary sites.
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5. General Description of Five Major Geological
Regions Potentially Interesting for Testing

As part of the preparatory activities of WP2, this deliverable provides a first overview of five large
geological regions that constitute the main candidates for future study within the ArchiSpace
project. These regions — the Canary Islands, the Middle Atlas (Morocco), the High Atlas
(Morocco), the Anti-Atlas (Morocco), the Erfoud region (Morocco), and the Tarfaya Basin
(Morocco) — have been identified as particularly relevant owing to their distinctive geological
settings, their diversity of landforms and processes, and their potential to serve as exemplary
natural laboratories.

At this stage, the work does not yet aim to define specific study sites. Instead, the purpose is to
characterize the broad regional frameworks within which site selection will later be conducted. The
selection of final study areas will be restricted to three of these six large regions, on the basis of
the criteria defined in the first part of this deliverable. These criteria include geological
representativeness, accessibility, relevance for the project objectives, and opportunities for
integration with existing data and infrastructures.

Presenting the six candidate regions at this preliminary stage serves several purposes. It
highlights the extraordinary geodiversity encompassed within the project’s geographical scope,
ranging from active volcanic provinces in the Canary Islands to tectonically uplifted mountain belts
in the Atlas system, as well as sedimentary basins and desertic forelands in southern Morocco. It
also provides a coherent framework to anticipate complementarities and contrasts between
potential study sites, thereby maximising the scientific return of the forthcoming selection process.

In the following sections, each region is briefly described in terms of its topographic, structural,
and stratigraphic characteristics, with reference to its relevance for the project’s objectives. This
comparative overview sets the stage for the subsequent step of WP2, in which the application of
the defined selection criteria will determine the three regions where detailed investigations and
case-study activities will be conducted.
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6. Canary Islands (Spain)

6.1. Introduction

The Canary Islands (Fig. 1), located in the eastern North Atlantic Ocean approximately 100-500
km off the northwest coast of Africa, represent one examples of intraplate oceanic volcanism. This
archipelago, composed of seven main islands—Lanzarote, Fuerteventura, Gran Canaria, Tenerife,
La Gomera, La Palma, and El Hierro—is renowned for its diverse volcanic landscapes, complex
geodynamic setting, and unique soil formation processes. The islands are situated on the African
Plate, far from its tectonic boundaries, and their origin is primarily attributed to a mantle hotspot
interacting with Jurassic oceanic lithosphere (150-180 Ma).

The Canary Islands provide an exceptional natural laboratory for studying volcanic stratigraphy,
mantle plume dynamics, and pedogenesis in arid to semi-arid climates. This report synthesizes
current knowledge on the geology, geodynamics, and pedology of the archipelago, with a
particular emphasis on the mineralogy and chemistry of volcanic rocks, as well as the typology,
chemistry, and mineralogy of soils.

6.2. Geodynamic Setting and Tectonic Evolution

6.2.1 Tectonic Context and Mantle Plume Dynamics

The Canary Islands are classified as an intraplate volcanic province, formed by the interaction of a
mantle hotspot with the slow-moving African Plate (1 cm/year). Unlike the Hawaiian Islands, which
are located on younger oceanic crust, the Canary hotspot interacts with old, thick Jurassic
lithosphere, resulting in a complex magmatic evolution and a progressive east-to-west age
gradient among the islands. The oldest subaerial volcanic rocks are found on Fuerteventura and
Lanzarote (~20 Ma), while the youngest are on El Hierro (~1.1 Ma) and La Palma (~1.7 Ma)

Two main hypotheses are proposed for the origin of Canary volcanism and development:

1. Lithospheric fracture model: Some studies suggest that the volcanism is related to
reactivation of ancient fractures in the African Plate, with no deep mantle plume involved. This
hypothesis is based on the absence of a clear age progression in some parts of the archipelago
and the complex tectonic setting near the Atlas Mountains

2. Classic mantle plume model: The islands are formed by a deep-seated mantle plume rising
from the lower mantle, with a fixed position relative to the moving African Plate. This model is
supported by the age progression of the islands (Fig. 1) and the geochemical signature of the
magmas, which are enriched in incompatible elements (e.g., Nb, Zr, REE) typical of Ocean Island
Basalts (OIB).

6.2.2 Structural Features and Volcanic Evolution

The volcanic history of the Canary Islands is divided into three main phases, each characterized
by distinct volcanic products and structural features:

1. Seamount Stage (70-20 Ma): Submarine volcanism led to the formation of volcanic
seamounts on the ocean floor. These early volcanic products are primarily basaltic pillow lavas
and hyaloclastites, formed by the rapid cooling of lava in contact with seawater

2. Shield-Building Stage (20-2 Ma): This phase is marked by the emergence of the islands
above sea level and the construction of massive basaltic shield volcanoes. The Old Basaltic
Series, composed of tholeiitic and alkaline basalts, dominates this stage. Notable examples
include the Anaga Massif (Tenerife) and the Taburiente Caldera (La Palma). The magmas from
this phase are characterized by low silica content (45-50% SiO,) and high concentrations of Fe,
Mg, and Ca, reflecting their mantle-derived origin
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Figure 1: Canary Islands are located in the Atlantic Ocean, close to Morocco. The path of the
Canary hot spot is traced in red. Notice that the ages of Canary Islands decrease North to south
west from 66 Ma (Lars) to 1 Ma (Hierro). (Hoernle and Carracedo, 2016).

3. Rejuvenation Stage (Last 5 Ma): This phase includes historical eruptions and the formation
of strombolian cones, lava tubes, and calderas. The Younger Volcanic Series is dominated by
alkaline basalts, trachytes, and phonolites, which are more evolved and silica-rich (50-60% SiO,)
compared to the earlier basalts. This evolution is attributed to fractional crystallization and
assimilation of crustal materials.

6.2.3 Geology: Volcanic Rocks and Their Mineralogy

Basaltic Rocks: Mineralogy and Chemistry

The basaltic rocks of the Canary Islands are the most abundant volcanic products and are
primarily composed of plagioclase (Ang,—,,), clinopyroxene (augite), and olivine (F0,4—q,), With
accessory Fe-Ti oxides (magnetite, ilmenite). These minerals reflect the mafic nature of the
magmas, which are derived from partial melting of the mantle at depths of 60—100 km

. Tholeiitic basalts (early shield stage) are characterized by lower alkali content (Na,O +
K,O < 3%) and higher CaO/Al,O; ratios, indicating less evolved magmas.

. Alkaline basalts (rejuvenation stage) exhibit higher alkali content (Na,O + K,O > 3%) and
are enriched in incompatible elements (e.g., Nb, Zr, La), suggesting smaller degrees of partial
melting and longer residence times in magma chambers
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Figure 3: Example of mineralogical composition of Canary Island Basalts (a) Relative proportions
of olivine (squares), clinopyroxene (triangles) and plagioclase (diamonds) of the phenocryst
assemblages of Tenerife volcanic products, plotted against the forsterite content in cores of olivine
phenocrysts. (b) Generalized overview of changes in phenocryst assemblages with decreasing Fo
content. Continuous lines, major phenocryst phase in most rocks; dashed line, major phenocryst
phase in some rocks, or accessory phase present in most rocks; dotted line, accessory phase in
some rocks; grey field, transition from spinel to Ti-magnetite; black dots, rocks with kaersutite
xenocrysts. (Neuman et al., 1999)

Evolved Rocks: Trachytes and Phonolites
The evolved volcanic rocks, such as trachytes and phonolites (Fig. 4), are predominantly found in
the Younger Volcanic Series and are associated with explosive eruptions and lava domes. These
rocks are characterized by:

. Higher silica content (55-65% SiO,),
. Alkali-rich compositions (Na,O + K,0 > 8%),
. Presence of alkali feldspars (sanidine, anorthoclase), sodic amphiboles (arfvedsonite), and

sodic pyroxenes (aegirine)

The phonolites, in particular, are notable for their high concentrations of rare earth elements (REE)
and volatile components (F, CI), which contribute to their viscous nature and explosive eruptive
style
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Figure 4: Geochemical classification diagram (TAS) for Canary Islands volcanic rocks. Notice the
existence of differentiated rocks (Hernandez et al., 2012).

Pyroclastic Deposits
The Canary Islands are also rich in pyroclastic deposits, including ignimbrites, lapilli, and scoria.
These deposits are primarily composed of volcanic glass, feldspar, and pyroxene fragments, with
variable degrees of welding and alteration. The Bandas del Sur ignimbrite (Tenerife) is a notable
example, characterized by its high silica content (65-70% SiO,) and abundance of pumice and
lithic fragments.

6.3 Pedology: Soil Types, Chemistry, and Mineralogy

6.3.1 Soil Typology and Distribution: example of Fuerteventura Island

The soils of the Canary Islands are highly diverse due to the variability in parent material, climate,
and topography. Three main soil types dominate the archipelago:

1. Andisols: These soils are derived from volcanic ash and are characterized by high organic
matter content, low bulk density, and high-water retention capacity. They are predominantly found
in the humid zones of La Palma, Tenerife, and La Gomera, where precipitation exceeds 500
mm/year. Andisols are rich in short-range-order minerals (e.g., allophane, imogolite, and
ferrinydrite), which contribute to their high cation exchange capacity (CEC) and fertility

2. Aridisols: These soils are typical of the arid and semi-arid zones of Lanzarote and
Fuerteventura, where precipitation is below 300 mm/year. Aridisols are characterized by low
organic matter, high salinity, and poor structural stability. They often contain gypsum and calcite
due to evaporative processes and are prone to wind erosion

3. Entisols: These are young, poorly developed soils found on recent lava flows and alluvial
deposits. Entisols are common in areas such as the Malpais de Guimar (Tenerife) and are
characterized by minimal horizon development and low organic content

4 sy

Figure 5; Pedological map of Fuerteventura. Data from Clasificacion taxonémica de suelos de la
Isla de Tenerife. Aplicacion de SIG online "TenerifeSoilTaxonomy v0.1”
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Alfisol: A group of very well-developed soils, with a high content of clay materials and a well-
developed structure in which horizons are clearly differentiated.

Aridisol: Young soils formed on recent materials and/or materials that are difficult to weather.
They support many types of vegetation, although the most characteristic are summit shrubs in
high areas. They may also appear locally interbedded with Vertisols, giving rise to coastal shrub
vegetation.

Entisol: These are very young soils, formed on recent materials and/or materials resistant to
weathering, with abundant lichens and low shrub vegetation. They are poorly developed soils and
represent the most widespread group in Tenerife (40.42%).

Inceptisol: These soils are somewhat more developed than Entisols, although their immaturity is
evident, with many similarities to the parent rock. When they occur on slopes, they are relatively
susceptible to erosion. These soils represent the second most important group (31.53%). It should
be noted that, for the reasons mentioned earlier, Andisols are grouped under this order.

Ultisol: Very fertile soils, with a high content of organic matter and phosphorus, showing
similarities with Alfisols. They are characterized by their high capacity for moisture absorption and
good drainage conditions. They are the most developed soils (from a pedological perspective)
among those represented on the soil maps. They are usually located in humid areas, occupying
the northern slopes.

Vertisol: Characterized by a high clay content and by seasonal desiccation of their profile during
the warmest months. These soils develop on very old materials. They are found between Punta de
Hidalgo and Punta del Fraile, in the southwest of Santa Cruz de Tenerife, and in the areas
between Guia de Isora and Adeje.

Sorribas: This is not an order within the classification system. The term refers to soil additions and
amendments carried out a long time ago in large areas of Tenerife (less common today), in order
to cultivate soils that previously had little agricultural capacity. They are therefore artificial soils
created by humans for farming. They are usually found on recent volcanic flows, sodic soails,
Aridisols, or Entisols.
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Figure 6: Soil map of the Canary Islands, showing the distribution of Andisols, Aridisols, and
Entisols._ FAO Soil Map of the World).

6.3.2 Soil Chemistry and Mineralogy
The chemistry and mineralogy of Canary Islands soils are strongly influenced by the parent
volcanic material and climatic conditions:

Andisols:

o pH: Slightly acidic to neutral (5.5—7.0),

o Organic carbon: 2—10%,

o Mineralogy: Dominated by amorphous minerals (allophane, imogolite) and secondary

oxides (Fe, Al oxides).
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. Nutrient content: High in P, K, and micronutrients (e.g., Zn, Cu) due to volcanic ash
weathering

Aridisols:

o pH: Alkaline (7.5-8.5),

Organic carbon: < 1%,

Mineralogy: Calcite, gypsum, and quartz, with low clay content.

Salinity: High electrical conductivity (EC > 4 dS/m) due to evaporite Entisols:

pH: Variable (6.0-8.0),0rganic carbon: < 0.5%,

Mineralogy: Primary minerals (plagioclase, pyroxene) with minimal alteration
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7. High Atlas (Morocco)
7.1. Introduction

The High Atlas is the highest and most prominent mountain range in Morocco, stretching over 700
km from the Atlantic coast near Agadir to the Algerian border. It represents a key geological
feature in North Africa, formed by the collision of the African and Eurasian plates during the
Cenozoic Alpine orogeny. The High Atlas is divided into three main segments: the Western High
Atlas (near Marrakech), the Central High Atlas (including the highest peak, Toubkal, 4167 m), and
the Eastern High Atlas (transitioning to the Middle Atlas). This synthesis focuses on the Central
High Atlas, highlighting its structural geology, lithology, geodynamics, and pedology, with a
particular emphasis on the mineralogy and chemistry of rocks, as well as the typology, chemistry,
and mineralogy of soils.

7.2. Topography and Morphology of the High Atlas, Morocco

The High Atlas of Morocco (Fig. 1) forms the most prominent mountain chain of North Africa,
extending over 700 km from the Atlantic margin near Agadir to the eastern confines of Morocco.
Its morphology is dominated by high peaks, deep valleys, and strong topographic contrasts. The
central sector reaches the highest elevations, with Jebel Toubkal culminating at 4,167 m,
surrounded by other summits above 3500 m.

The chain displays a marked asymmetry: steep northern slopes descend abruptly towards the
Haouz and Saiss basins, while the southern slopes are more progressive, grading into the
forelands of the Anti-Atlas and the Sahara (Frizon de Lamotte et al., 200). Relief exceeds 2500 m
in many sectors, with narrow gorges cutting through resistant Paleozoic and Mesozoic formations.

Morphologically, the High Atlas is structured by long ridges aligned ENE-WSW, reflecting the
underlying tectonic fabric. Intermontane depressions and wide synclinal basins, such as
Ouarzazate, contrast with high-standing anticlines and fault-bounded escarpments (Beauchamp et
al., 1999). Slope systems are varied: very steep rock walls dominate in central crystalline massifs,
while stepped topographies characterize sedimentary domains.

Glacial and periglacial landforms are preserved above 2500 m, particularly in cirques and U-
shaped valleys around Toubkal and Mgoun massifs (Hughes et al., 2004). At lower elevations,
fluvial incision has produced spectacular canyons (e.g., Todgha, Dadés), testifying to the strong
interaction between uplift and erosion.

Overall, the High Atlas presents a composite morphology, shaped by tectonic uplift, differential
erosion, and Quaternary climatic fluctuations, with altitudes and slope gradients making it the most
rugged and topographically complex region of Morocco.

7.3. Geodynamic Setting and Tectonic Evolution

7.3.1. Tectonic Context

The High Atlas is an intracontinental fold-thrust belt formed during the Alpine orogeny, primarily as
a result of the convergence between the African and Eurasian plates. Unlike the Alpine-Himalayan
belt, which formed at a plate boundary, the High Atlas is an intraplate mountain range, making its
geodynamic evolution particularly intriguing. The structural architecture of the High Atlas is
characterized by:

. Thin-skinned tectonics: Involving the Mesozoic-Cenozoic cover rocks, which were
detached from the Paleozoic basement along décollement surfaces.
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. Thick-skinned tectonics: Involving the Paleozoic basement, which was uplifted and
deformed during the Cenozoic compression.

The geodynamic evolution of the High Atlas can be divided into three main phases:

1. Hercynian Orogeny (Paleozoic): Initial deformation of the Paleozoic basement, forming the
ancient core of the High Atlas.

2. Mesozoic Extension (Triassic-Jurassic): Formation of rift basins and sedimentary infill, later
inverted during the Alpine orogeny.

3. Alpine Orogeny (Cenozoic): Compressional reactivation of the Mesozoic rifts, leading to
the uplift of the High Atlas and the formation of fold-thrust belts.

The Central High Atlas is particularly notable for its high peaks (e.g., Toubkal, 4167 m) and deep
valleys, which reflect the intense deformation and uplift during the Alpine orogeny. The structural
features of the High Atlas include:

. Fo_lds: Tight to isoclinal folds, often verging southward due to the north-directed
compression.

. Faults:

o Reverse faults (e.g., Tizi n’Test Fault), reactivating older normal faults.

o Strike-slip faults (e.g., South Atlas Fault), accommodating lateral displacement.

. Basement involvement: The Paleozoic basement (schists, granites) is exposed in the axial

zone of the High Atlas, surrounded by Mesozoic-Cenozoic cover rocks.
7.3.2. Structural Features and Lithology

The lithology of the High Atlas spans from the Paleozoic to the Quaternary, reflecting the complex
geodynamic history of the region. The key lithological units are described below, with a focus on
their mineralogy and chemistry.

Paleozoic Basement

The Paleozoic basement of the High Atlas is composed of metamorphic and igneous rocks,
including:

Figure 1: Tectonic map of the High Atlas, showing major faults. (Arboleya et al., 2004)
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. Schists and gneisses: Formed during the Hercynian orogeny, these rocks are rich in mica
(muscovite, biotite), quartz, and feldspars (plagioclase, K-feldspar).

. Granites: Intrusive bodies formed during the late stages of the Hercynian orogeny,
composed of quartz, K-feldspar, plagioclase, and biotite.

. Quartzites and sandstones: Deposited in fluvial and marine environments during the
Devonian-Silurian, these rocks are rich in quartz and feldspars, with minor clay minerals (illite,
chlorite).

The geochemistry of the Paleozoic basement rocks reflects their metamorphic and igneous
origins:

. Schists and gneisses: High SiO, (60-70%), Al,O; (15-20%), and K,O (2—4%), with low
CaO and MgO contents.

. Granites: High SiO, (70-75%), K,O (3-5%), and Na,O (2—4%), with low FeO and MgO
contentsen.wikipedia.org.

Mesozoic Cover
The Mesozoic cover of the High Atlas is dominated by sedimentary rocks, including:

. Triassic red sandstones and basalts: Deposited in continental rift basins, these rocks are
rich in quartz, feldspars, and volcanic glass.

. Jurassic limestones and marls: Deposited in marine environments, these rocks are
composed of calcite (CaCO;) and dolomite (CaMg(CO,),), with fossiliferous content (e.g.,
ammonites, bivalves).

. Cretaceous flysch deposits: Composed of alternating layers of sandstones and shales,
deposited in deep marine environments

Figure 2: Geological map of the High Atlas, showing the distribution of Paleozoic basement rocks
and Mesozoic-Cenozoic cover. (Gil et al., 2008)

The geochemistry of the Mesozoic cover rocks reflects their sedimentary origins:

. Triassic sandstones: High SiO, (60-70%), Al,O; (10-15%), and Fe,O; (2-5%), with low
CaO and MgO contents.
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. Jurassic limestones: High CaO (40-50%) and MgO (2-5%), with low SiO, (< 10%).

. Cretaceous flysch: Variable SiO, (50-70%) and Al,O; (10-15%), reflecting the mixed
siliciclastic and carbonate composition.

Cenozoic Deposits
The Cenozoic deposits of the High Atlas include:

. Paleogene-Neogene molasse: Continental red beds and conglomerates, deposited in
intermontane basins during the uplift of the High Atlas.

. Quaternary alluvial deposits: Found in valleys and basins, these deposits are composed of
unconsolidated sands, silts, and clays

The geochemistry of the Cenozoic deposits reflects their continental origins:

. Molasse deposits: High SiO, (60-75%), Al,O; (10-15%), and Fe,O; (2-5%), with variable
CaO and MgO contents.

. Alluvial deposits: High SiO, (65—-80%), with low organic matter (< 1%).

7.4. Pedology: Soil Types, Chemistry, and Mineralogy

There is very little or no general bibliography available on the soils of Morocco. The FAO soil map
(https:/lwww.fao.org/) was used, and the different soils are subsequently described based on this
map and their definitions provided by the World Reference Base for Soil Resources (WRB).

The soils of the High Atlas are highly diverse, reflecting the variability in parent material, climate,
and topography. The main soil types include Cambisols, Luvisols, Leptosols, and Andisols, each
with distinct chemical and mineralogical properties.
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Figure 3: Synthetic stratigraphic column of the High Atlas chain (Beauchamp, 2004)
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Cambisols

A cambisol is a type of mineral soil characterized by the beginning of soil formation (incipient
weathering), with a weakly developed subsurface horizon (cambic horizon). Cambisols are young
soils that show the initial stages of pedogenesis, such as the alteration of minerals, accumulation
of clay, or the formation of soil structure. they are typically found in a wide range of climates and
landscapes, often on moderately stable surfaces where soil development is ongoing but not yet
advanced.

Cambisols are the most widespread soil type in the High Atlas, particularly in the mid-altitude
zones (1,000-2,500 m). These soils are characterized by:

e Parent material: Mesozoic limestones, schists, and sandstones.
« Climate: Semi-arid to humid (precipitation 300—800 mm/year).

e Structure:

o Well-developed A and B horizons, with a gradual transition between them.

o Moderate organic matter content (1—-3%).

o Brown to reddish-brown color, reflecting the iron oxide content.

e Chemistry:

o pH: Slightly acidic to neutral (5.5—7.0).

o Organic carbon: 1-3% in the A horizon, decreasing with depth.

o Cation Exchange Capacity (CEC): Moderate (10-20 cmol/kg), reflecting the

presence of clay minerals.

o Dominant cations: Ca2*, Mg2*, K*.
. Mineralogy:
o Primary minerals: Quartz, feldspars, and mica (inherited from the parent material).
o Secondary minerals: lllite, smectite, and kaolinite, formed by weathering of silicates.
o Iron oxides (hematite, goethite), giving the soil its reddish-brown color.
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Figure 4: Soil map of South High Atlas region (Morocco). Legend available

https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/faounesco-soil-map-of-the-
world/en/

Luvisols

A luvisol is a type of mineral soil characterized by the accumulation of clay in the subsurface
horizon (argic horizon) due to the process of clay illuviation (lessivage). Luvisols typically form
under forest or grassland vegetation in temperate to subtropical climates with distinct wet and dry
seasons. They are well-drained soils and often have a light-colored surface horizon (eluvial
horizon) overlying a clay-rich, denser subsurface horizon.

Luvisols are found in the lower altitudes (500-1,500 m) of the High Atlas, where clay-rich parent
materials (e.g., schists, marls) dominate. These soils are characterized by:

. Parent material: Paleozoic schists and Mesozoic marls.

. Climate: Semi-arid (precipitation 200500 mm/year).

. Structure:

o Well-developed Bt horizon, enriched in clay minerals (illuviated from the A horizon).
o Blocky or prismatic structure, due to clay accumulation.

o Brown to yellowish-brown color.

. Chemistry:

o pH: Neutral to slightly alkaline (6.5-7.5).

o Organic carbon: 1-2% in the A horizon.

o CEC: High (20-30 cmol/kg), reflecting the high clay content.
o Dominant cations: Ca2*, Mg2*, and K*.

. Mineralogy:

o Primary minerals: Quartz and feldspars.
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o Iron oxides (hematite), contributing to the reddish color.
Leptosols

A leptosol is a type of shallow soil that is limited in depth by continuous, hard rock or highly
calcareous material (such as bedrock, gravel, or ironpan). these soils are characterized by their
thin profile, often less than 25-30 cm deep, and are typically found in mountainous, eroded, or
recently formed landscapes. leptosols are common in areas where soil development is restricted
due to steep slopes, erosion, or the presence of resistant parent material.

Leptosols are found in the high-altitude zones (> 2,500 m) of the High Atlas, where steep slopes
and thin regolith limit soil development. These soils are characterized by:

. Parent material: Paleozoic granites and schists.

. Climate: Cold and humid (precipitation > 800 mm/year).

. Structure:

o Very thin A horizon (0—10 cm), directly overlying the bedrock.
o Rocky texture, with > 75% coarse fragments.

o Low organic matter content (< 1%).

. Chemistry:

o pH: Acidic to neutral (5.0-7.0).

o Organic carbon: < 1%.

o CEC: Very low (< 5 cmol/kg), due to the low clay content.

. Mineralogy:

o Primary minerals: Quartz, feldspars, and mica (inherited from the granitic parent
material).

o Minimal secondary minerals, due to the limited weathering.
Andisols

An Andisol is a type of soil that forms primarily from volcanic parent materials, such as ash,
pumice, or other volcanic ejecta. These soils are characterized by their high content of amorphous
minerals (e.g., allophane, imogolite, and volcanic glass), which give them unique physical and
chemical properties. Andisols are typically found in volcanic regions and are known for their high
fertility, water retention capacity, and resilience to erosion.

Andisols are found in localized areas of the High Atlas, particularly in regions with volcanic ash
deposits or weathered volcanic rocks. These soils are characterized by:

. Parent material: Volcanic ash and weathered basalts (limited to specific areas).

. Climate: Humid (precipitation > 600 mm/year).
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. Structure:

o Dark A horizon, rich in organic matter (2-5%).

o Low bulk density, due to the presence of amorphous minerals (e.g., allophane,
imogolite).

o High water retention capacity.

. Chemistry:

o pH: Slightly acidic (5.5-6.5).

o Organic carbon: 2-5%.

o CEC: High (20-40 cmol/kg), due to the presence of amorphous clays.
. Mineralogy:

o Amorphous minerals: Allophane, imogolite, and ferrihydrite.

o Primary minerals: Volcanic glass, plagioclase, and pyroxene.
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8. Geology, Geodynamics, and Pedology of the Middle
Atlas, Morocco.

8.1. Introduction

The Middle Atlas is a NE-SW trending mountain range located in northern Morocco, situated
between the High Atlas to the south and the Rif Mountains to the north. Unlike the High Atlas,
which was primarily uplifted during the Cenozoic Alpine orogeny, or the Anti-Atlas, which
preserves a Precambrian-Paleozoic heritage, the Middle Atlas represents a complex
intracontinental orogenic belt formed by the reactivation of Mesozoic rift basins during the Alpine
compression. This mountain range is renowned for its diverse geological formations, including
Jurassic limestones, Triassic basalts, and Cenozoic continental deposits, as well as its unique
karst landscapes and soil types formed under Mediterranean to semi-arid climatic conditions.

8.2. Topography and Morphology of the Middle Atlas, Morocco

The Middle Atlas constitutes the northernmost branch of the Moroccan Atlas system, extending
approximately 350 km between the Rif to the north and the High Atlas to the south (Michard et al.,
2008). Its morphology is characterized by a marked dichotomy between the tabular Middle Atlas to
the west and the folded Middle Atlas to the east.

The western, tabular domain consists of sub-horizontal Mesozoic limestones and dolomites
forming extensive plateaus with gentle relief, deeply dissected by rivers such as the Oued Oum
Er-Rbia. Elevations here generally range between 1200 and 1800 m, with smooth interfluves and
karstic depressions.

In contrast, the eastern folded domain exhibits sharp ridges, steep slopes, and narrow valleys.
Altitudes exceed 3300 m at Jebel Bou Naceur, the highest peak of the Middle Atlas. Relief energy
is particularly high where resistant Jurassic limestones are juxtaposed against softer marls,
creating cuesta landscapes and asymmetric slopes (Beauchamp et al., 1999).

The southern margin, facing the High Moulouya basin, is marked by abrupt escarpments related to
major fault zones. To the north, the chain descends progressively towards the Saiss plain, with
wide piedmont areas and alluvial fans (Frizon de Lamotte et al., 2009). Karst landforms, poljes,
and sinkholes are widespread across the carbonate plateaus, while volcanic cones and basaltic
plateaus in the Middle Atlas record Neogene—Quaternary volcanism, adding further morphological
complexity.

Overall, the Middle Atlas presents a transitional physiography between the rugged High Atlas and
the more subdued Rif, combining high-altitude ridges, structural plateaus, karstified terrains, and
volcanic landforms. This diversity makes it one of the most morphologically contrasted mountain
regions of Morocco.

8.3. Geodynamic Setting and Tectonic Evolution

8.3.1. Tectonic Context and Structural Framework

The Middle Atlas is an intracontinental fold-thrust belt formed during the Cenozoic Alpine orogeny,
primarily as a result of the convergence between the African and Eurasian plates. Its geodynamic
evolution began in the Triassic, with the inheritance of Variscan structures and the development of
rift basins during the opening of the Central Atlantic. The Alpine compression during the Cenozoic
led to the inversion of these rift basins, resulting in the uplift of the Middle Atlas and the formation
of its current structural architecture.
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The geodynamics of the Middle Atlas is characterized by:

. Inherited Variscan structures: The NE-SW trending folds and thrusts reflect the reactivation
of Hercynian basement faults during the Alpine orogeny.

. Triassic-Jurassic rifting: The extension and subsidence during this period created
sedimentary basins later inverted during the Miocene-Pliocene compression.

. Cenozoic uplift: The oblique convergence between Africa and Eurasia resulted in
transpressional deformation, with strike-slip faulting and thrust-related folding

The structural features of the Middle Atlas include:

. Folds: Tight to open folds, often asymmetric due to transpressional stress.

. Faults:

o Reverse faults (e.g., South Atlas Fault Zone),

o Strike-slip faults (e.g., NE-SW trending faults),

o Thrust systems (e.g., 20 km-wide fold belt in the central Middle Atlas).

8.3.2. Lithology and Stratigraphy

The lithology of the Middle Atlas spans from the Paleozoic to the Quaternary, reflecting its
complex geodynamic history. The key lithological units are described below, with a focus on their
mineralogy and chemistry.

Paleozoic Basement

The Paleozoic basement of the Middle Atlas is composed of metamorphic and igneous rocks,
including:

. Schists and gneisses: Formed during the Hercynian orogeny, these rocks are rich in mica
(muscovite, biotite), quartz, and feldspars (plagioclase, K-feldspar). They are exposed in the axial
zones of the Middle Atlas and are often overlain by Mesozoic cover rocks

. Granites: Intrusive bodies formed during the late stages of the Hercynian orogeny,
composed of quartz, K-feldspar, plagioclase, and biotite. These granites are typically
peraluminous, with high silica content (SiO, > 70%) and low CaO and MgO contents

The geochemistry of the Paleozoic basement rocks reflects their metamorphic and igneous
origins:

. Schists and gneisses: High SiO, (60-70%), Al,O; (15-20%), and K,O (2—4%), with low
CaO and MgO contents.

. Granites: High SiO, (70-75%), K,O (3-5%), and Na,O (2—-4%), with low FeO and MgO
contents

Page | 23

This project has received funding from the European Union’s Horizon 2023 research and innovation
programme under HORIZON-MSCA-2023-SE-01 grant agreement No 101183089




ARCHISPACJ

MOROCCAN
MESETA

@ Thusid

S
[Vl R
oA 1 ’
. £ N 5 .~
T BoTedn A~ —
Nocgers Susssary = .
[ty ) Urpet s - Doggm
[_7 v rp-Quanemary Lower Las
B cceoe -
0 50 ke - Irlbasne oo ] Pro-Mescaoiz baserment
| —— 7771 NMascasic et Tersary

(L4 of B Rfean ragipes

Figure 1: Tectonic map of the Middle Atlas and High Atlas, showing major faults and geomorphic
units. Notice the contrast between Middle Atlas and High Atlas due to the difference of
sedimentary cover between the two mountain chains (Arboleya et al., 2004)

Mesozoic Cover

The Mesozoic cover of the Middle Atlas is dominated by sedimentary and volcanic rocks,
including:

. Triassic red sandstones and basalts: Deposited in continental rift basins, these rocks are
rich in quartz, feldspars, and volcanic glass. The basalts are tholeiitic, with low alkali content
(Na,O + K,0 < 3%) and high FeO and TiO, contents

. Jurassic limestones and dolomites: Deposited in shallow marine environments, these rocks
are composed of calcite (CaCO;) and dolomite (CaMg(CO3),), with fossiliferous content (e.g.,
ammonites, coral reefs). The limestones are often massive and karstified, hosting extensive cave
systems

o Cretaceous flysch deposits: Composed of alternating layers of sandstones and shales,
deposited in deep marine environments. These rocks are rich in quartz, feldspars, and clay
minerals (illite, smectite)

The geochemistry of the Mesozoic cover rocks reflects their sedimentary and volcanic origins:
. Triassic sandstones: High SiO, (60—70%), Al,O; (10-15%), and Fe,O; (2-5%), with low
CaO and MgO contents.
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. Jurassic limestones: High CaO (40-50%) and MgO (2-5%), with low SiO, (< 10%).

. Cretaceous flysch: Variable SiO, (50-70%) and Al,O; (10-15%), reflecting the mixed
siliciclastic and carbonate composition
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Figure 2: Stratigraphic column of the Middle Atlas, illustrating the lithological units from the
Paleozoic to the Quaternary (Frizon de Lamotte et al., 2008)

Cenozoic Deposits
The Cenozoic deposits of the Middle Atlas include:

o Paleogene-Neogene molasse: Continental red beds and conglomerates, deposited in
intermontane basins during the uplift of the Middle Atlas. These deposits are composed of quartz,
feldspars, and lithic fragments, with variable clay content

o Quaternary alluvial and volcanic deposits: Found in valleys and basins, these deposits are
composed of unconsolidated sands, silts, and clays, as well as basaltic lavas in some areas (e.g.,
Jbel Aoua volcano)

The geochemistry of the Cenozoic deposits reflects their continental and volcanic origins:

. Molasse deposits: High SiO, (60-75%), Al,O; (10-15%), and Fe,O; (2-5%), with variable
CaO and MgO contents.
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. Volcanic deposits: High SiO, (45-55%), Al,O; (15-20%), and Fe,O; (10-15%), reflecting
their basaltic to andesitic composition

8.4. Pedology: Soil Types, Chemistry, and Mineralogy

There is very little or no general bibliography available on the soils of Morocco. The FAO soil map
(https://www.fao.org/) was used, and the different soils are subsequently described based on this
map and their definitions provided by the World Reference Base for Soil Resources (WRB).

The soils of the Middle Atlas are strongly influenced by the Mediterranean to semi-arid climate, the
diverse parent materials (ranging from Jurassic limestones to Quaternary volcanic rocks), and the
topography. The main soil types include Cambisols, Luvisols, Andisols, and Leptosols, each with
distinct chemical and mineralogical properties.
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Figure 4: Soil ma
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/faounesco-soil-map-of-the-
world/en/

Cambisols

Cambisols are young, weakly developed soils characterized by the incipient formation of a B
horizon (subsurface layer) with minimal clay, iron, or humus accumulation. They form primarily
through weathering of parent material (e.g., loess, alluvium, or bedrock) under stable conditions,
often in temperate to subtropical climates. Their profile typically includes an A horizon (topsoil)
over a cambic B horizon—distinguished by slight color or texture changes but lacking strong
illuviation (e.g., no argillic or spodic layers). Common in hilly or mountainous regions, Cambisols
support diverse land uses: forestry, pasture, or agriculture (though fertility varies with parent
material). They may develop into more mature soils (e.g., Luvisols or Alisols) over time if erosion
or climate permits. Drainage is usually good, but some variants (e.g., Gleyic Cambisols) show
waterlogging traits. In the WRB classification, they are grouped by properties like humus content
(Eutric vs. Dystric) or carbonate presence (Calcaric).

Cambisols are the most widespread soil type in the Middle Atlas, particularly in the mid-altitude
zones (1,000-2,000 m), where Jurassic limestones and Cenozoic molasse dominate the parent
material. These soils are characterized by:

. Parent material: Jurassic limestones, Cretaceous flysch, and Cenozoic molasse.
. Climate: Semi-arid to humid (precipitation 400—-800 mm/year).
o Structure:
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o Well-developed A and B horizons, with a gradual transition between them.

o Moderate organic matter content (1-3% in the A horizon).

o Brown to reddish-brown color, reflecting the iron oxide content.

. Chemistry:

o pH: Slightly acidic to neutral (5.5-7.0).

o Organic carbon: 1-3% in the A horizon, decreasing with depth.

o Cation Exchange Capacity (CEC): Moderate (10-20 cmol/kg), reflecting the
presence of clay minerals.

o Dominant cations: Ca2*, Mg?*, K*.

. Mineralogy:

o Primary minerals: Quartz, feldspars, and mica (inherited from the parent material).
o Secondary minerals: lllite, smectite, and kaolinite, formed by weathering of silicates.
o Iron oxides (hematite, goethite), giving the soil its reddish-brown color.

Luvisols

Luvisols are mature, clay-rich soils defined by strong illuviation—the downward movement of clay
particles from the A horizon to form a dense, argillic (clay-enriched) Bt horizon. They develop
under stable, well-drained conditions, often in temperate to subtropical climates with seasonal
moisture contrasts (e.g., Mediterranean or continental regions). The surface horizon is typically
lighter in color (leached of clay and iron), while the Bt horizon is darker and blocky, with visible
clay coatings on peds. Common in forested or grassland, Luvisols are fertile but vulnerable to
erosion due to their clay content. They often support cereal crops (wheat, maize) or vineyards,
though some variants (e.g., Chromic Luvisols) have high base saturation, enhancing productivity.
In the WRB classification, subtypes like Albic Luvisols (with eluvial E horizons) or Stagnic Luvisols
(poor drainage) highlight their diversity. Their formation requires thousands of years

Luvisols are found in the lower altitudes (500-1,500 m) of the Middle Atlas, where clay-rich parent
materials (e.g., Cretaceous flysch and Paleogene molasse) dominate. These soils are
characterized by:

. Parent material: Cretaceous shales and marls, Paleogene molasse.

. Climate: Semi-arid (precipitation 300—-600 mm/year).

. Structure:

o Well-developed Bt horizon, enriched in clay minerals (illuviated from the A horizon).
o Blocky or prismatic structure, due to clay accumulation.

o Brown to yellowish-brown color.

. Chemistry:

o pH: Neutral to slightly alkaline (6.5—7.5).

o Organic carbon: 1-2% in the A horizon.
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o CEC: High (20—-30 cmol/kg), reflecting the high clay content.

o Dominant cations: Ca?*, Mg?*, and K*.

. Mineralogy:

o Primary minerals: Quartz and feldspars.

o Clay minerals: lllite, smectite, and vermiculite, formed by weathering of shales and
marls.

o Iron oxides (hematite), contributing to the reddish color.

Andisols

Andisols are young, volcanic soils formed from weathered ash, pumice, or other pyroclastic
materials, dominated by amorphous minerals (allophane, imogolite, or Al-humus complexes).
Their unique properties—low bulk density, high water retention, and phosphorus fixation—stem
from these minerals, giving them a fluffy, dark (melanic) A horizon and rapid organic matter
accumulation. They develop quickly (centuries to millennia) in cool, moist climates (e.g., Pacific
Ring of Fire regions like Japan, Indonesia, or the Andes) but degrade if disturbed. Despite their
fertility, Andisols pose agricultural challenges: phosphorus deficiency (due to mineral binding) and
erodibility when cleared. Their high cation exchange capacity (CEC) and porosity make them ideal
for horticulture, tea, or coffee but require careful management. Subtypes like Vitrandic Andisols
(glass-rich) or Melanic Andisols (high organic matter) reflect their volcanic origins. In the WRB
system, they'’re classified by andic properties (e.g., phosphate retention >85%).

Andisols are found in localized areas of the Middle Atlas, particularly in regions with Quaternary
volcanic deposits (e.g., Jbel Aoua volcano). These soils are characterized by:

. Parent material: Quaternary volcanic ash and basalt.

. Climate: Humid (precipitation > 600 mm/year).

. Morphology:

o Dark A horizon, rich in organic matter (2-5%).

o Low bulk density, due to the presence of amorphous minerals (e.g., allophane,
imogolite).

o High water retention capacity.

. Chemistry:

o pH: Slightly acidic (5.5-6.5).

o Organic carbon: 2-5%.

o CEC: High (20—40 cmol/kg), due to the presence of amorphous clays.
o Dominant cations: Ca2*, Mg2*, and K*.

. Mineralogy:

o Amorphous minerals: Allophane, imogolite, and ferrihydrite.

o Primary minerals: Volcanic glass, plagioclase, and pyroxene.
Leptosols
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Leptosols are shallow, underdeveloped soils defined by limited depth (<30 cm to bedrock or hard
layers) and minimal horizon differentiation. They form in extreme environments—arid, alpine, or
eroded landscapes—where weathering is slow or material is constantly removed. Their skeletal
nature (often >40% coarse fragments) and low organic matter reflect harsh conditions, though
some variants (e.g., Mollic Leptosols) may support sparse vegetation. Common in mountains
(e.g., Alps, Andes), deserts, or urban areas, they’re poorly suited for agriculture but host
specialized flora (e.g., lichens, drought-resistant shrubs). Subtypes like Lithic Leptosols (directly
over bedrock) or Rendzic Leptosols (calcareous) highlight their diversity. In the WRB system,
they’re grouped by depth, base saturation, or humus content. While ecologically niche, they're
critical for biodiversity hotspots and erosion control.

Leptosols are found in the high-altitude zones (> 2,000 m) of the Middle Atlas, where steep slopes
and thin regolith limit soil development. These soils are characterized by:

. Parent material: Paleozoic schists and granites, Jurassic limestones.
. Climate: Cold and humid (precipitation > 800 mm/year).

. Structure:

o Very thin A horizon (0—10 cm), directly overlying the bedrock.
o Rocky texture, with > 75% coarse fragments.

o Low organic matter content (< 1%).

. Chemistry:

o pH: Acidic to neutral (5.0-7.0).

o Organic carbon: < 1%.

o CEC: Very low (< 5 cmol/kg), due to the low clay content.

. Mineralogy:

o Primary minerals: Quartz, feldspars, and mica (inherited from the parent material).
o Minimal secondary minerals, due to the limited weathering.
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9. Geology, Geodynamics, and Pedology of the Anti-
Atlas, Morocco

9.1. Introduction

The Anti-Atlas is the oldest and southernmost mountain range in Morocco, extending
approximately 600 km from the Atlantic coast near Agadir to the Algerian border. Unlike the
younger High Atlas or Middle Atlas, which were primarily shaped by the Cenozoic Alpine orogeny,
the Anti-Atlas is a Precambrian-Paleozoic orogenic belt formed during the Pan-African orogeny
(~600-500 Ma) and later reactivated during the Hercynian orogeny (~300 Ma). This region serves
as a key geological archive for understanding the assembly of the West African Craton, the
development of the Pan-African belt, and the transition to the Paleozoic era.

The Anti-Atlas is characterized by:

. A Precambrian basement composed of gneiss, schists, and granites, reflecting intense
metamorphic and magmatic processes during the Pan-African orogeny.

. A Paleozoic sedimentary cover, including Cambrian limestones, Silurian shales, and
Devonian sandstones, deposited in shallow to deep marine environments.

. Arid to semi-arid soils, dominated by Aridisols, Calcisols, Leptosols, and Regosols, whose
formation is strongly influenced by the dry climate and parent material.

9.2. Topography and Morphology of the Anti-Atlas chain

The Anti-Atlas of Morocco forms a vast mountainous arc stretching from the Atlantic margin to the
Sahara (Soulaimani et al., 2018). Elevations are generally modest compared to the High Atlas,
with most summits between 1,500 and 2,000 m. The highest peaks, such as Jbel Sirwa and Jbel
Lkest, reach around 2,500 m but remain exceptions. Overall relief decreases progressively from
the central ridges towards the Atlantic and the Saharan foreland. Slopes are often steep and rocky
in the central and eastern sectors, producing sharp ridges and narrow valleys. In contrast, the
western Anti-Atlas exhibits gentler topography with rounded summits and smoother slopes.
Differential erosion of Precambrian and Paleozoic rocks contributes to a stepped morphology. The
mountain fronts are dissected by numerous wadis that incise deep gorges with abrupt valley sides.
At lower altitudes, piedmont zones display extensive glacis surfaces with gradients less than 5%.
Structural control by major faults generates asymmetrical slopes and elongated ridges. Many
slopes are destabilized by rockfalls and shallow landslides under conditions of intense rainfall.
Terraced hillsides, although partly abandoned, modify the natural slope profiles in several valleys.
In the interior basins, slopes are gentle to moderate, framing wide alluvial plains. The transition
towards the Sahara is marked by the development of broad pediments and low-gradient surfaces.
Altogether, the Anti-Atlas shows a strong morphological diversity, combining rugged highlands
with subdued foothills.

9.3. Geodynamic Setting and Tectonic Evolution

9.3.1. Tectonic Context

The Anti-Atlas is a Precambrian-Paleozoic orogenic belt formed primarily during the Pan-African
orogeny (~600-500 Ma), which resulted from the collision of the West African Craton with other
crustal blocks. This orogeny led to the formation of a complex metamorphic and igneous
basement, later overlain by a Paleozoic sedimentary cover (Michard et al., 2008). The Hercynian
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orogeny (~300 Ma) partially reactivated these structures, but the Anti-Atlas remained relatively
stable compared to the High Atlas or Middle Atlas during the Cenozoic Alpine orogeny.

The geodynamic evolution of the Anti-Atlas can be divided into three main phases:

1. Pan-African Orogeny (~600-500 Ma): Formation of the Anti-Atlas basement through
crustal block collision and subduction-related magmatism. This phase is marked by the
emplacement of granitic plutons and the metamorphism of sedimentary rocks into schists and
gneisses

2. Paleozoic Sedimentation (~500-250 Ma): Deposition of marine and continental sediments
(e.g., Cambrian limestones, Silurian shales) in shallow to deep marine environments.

3. Mesozoic-Cenozoic Stability: The Anti-Atlas acted as a stable foreland during the Alpine
orogeny, with minimal deformation compared to the High Atlas or Middle Atlas

The structural features of the Anti-Atlas include:

. NE-SW trending folds and thrusts, formed during the Pan-African and Hercynian
orogenies.
. Extensive Precambrian outcrops, including gneiss, schists, and granites.
. Paleozoic sedimentary cover, including Cambrian limestones and Silurian shales
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Figure 1: Tectonic map of Morocco, showing the location of Anti-Atlas chain relative to high Atlas
and middle Atlas (in Michard et al. 2008, from Frizon de Lamotte, 2004).

9.3.2. Structural Features and Lithology

The lithology of the Anti-Atlas spans from the Precambrian to the Paleozoic, reflecting its complex
geodynamic history. The key lithological units are described below, with a focus on their
mineralogy and chemistry (Gasquet et al., 2005).

Precambrian Basement

The Precambrian basement of the Anti-Atlas is composed of metamorphic and igneous rocks,
including:

o Gneiss and schists: Formed during the Pan-African orogeny, these rocks are rich in mica
(muscovite, biotite), quartz, and feldspars (plagioclase, K-feldspar). The Zenaga Series and
Ouarzazate Group are notable examples of these high-grade metamorphic rocks
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o Granites: Intrusive bodies formed during the late stages of the Pan-African orogeny,
composed of quartz, K-feldspar, plagioclase, and biotite. These granites are often peraluminous,
with high silica content (SiO, > 70%) and low CaO and MgO contents

The geochemistry of the Precambrian basement rocks reflects their metamorphic and igneous
origins:

. Gneiss and schists: High SiO, (60-70%), Al,O; (15-20%), and K,O (2—-4%), with low CaO
and MgO contents.
. Granites: High SiO, (70-75%), K,O (3-5%), and Na,O (2—4%), with low FeO and MgO
contents
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Figure 2: Geological map of the Anti-Atlas, showing the distribution of Precambrian basement
rocks and Paleozoic cover. (Gasquet et al., 2005).

Paleozoic Cover

The Paleozoic cover of the Anti-Atlas includes sedimentary rocks deposited in marine and
continental environments:

o Cambrian limestones and sandstones: Deposited in shallow marine environments, these
rocks are composed of calcite (CaCO;) and quartz, with fossiliferous content (e.g., trilobites,
archaeocyathids).

o Silurian shales: Deposited in deep marine environments, these rocks are rich in clay
minerals (illite, chlorite) and organic matter, making them potential source rocks for hydrocarbons.

. Devonian sandstones and shales: Deposited in fluvial and deltaic environments, these
rocks are composed of quartz, feldspars, and clay minerals.

The geochemistry of the Paleozoic cover rocks reflects their sedimentary origins:
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. Cambrian limestones: High CaO (40-50%) and MgO (2-5%), with low SiO, (< 10%).
. Silurian shales: High SiO, (50-60%), Al,O5; (15-20%), and organic carbon (1—3%).
. Devonian sandstones: High SiO, (65-75%), Al,O; (10-15%), and Fe,O; (2-5%)
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Figure 3: Stratigraphic columns of the Anti-Atlas from West to East. Notice the hiatus at the limit
from Proterozoic to Cambrian in Eastern Anti-Atlas. (Gasquet et al., 2005).

9.4. Pedology: Soil Types, Chemistry, and Mineralogy

There is very little or no general bibliography available on the soils of Morocco. The FAO soil map
(https://www.fao.org/) was used, and the different soils are subsequently described based on this
map and their definitions provided by the World Reference Base for Soil Resources (WRB).

The soils of the Anti-Atlas are strongly influenced by the arid to semi-arid climate, the parent
material (dominated by Precambrian basement rocks and Paleozoic sediments), and limited
vegetation cover. The main soil types include Aridisols, Calcisols, Leptosols, and Regosols, each
with distinct chemical and mineralogical properties. The following soil descriptions are based on
data available on World Reference Base for Soil Resources (WRB).

Figure 4: Soil map of Anti-Atlas region (Morocco). Legend available https://www.fao.org/soils-
portal/data-hub/soil-maps-and-databases/faounesco-soil-map-of-the-world/en/
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An Aridisol is a type of soil that forms in arid or semi-arid climates, where evaporation exceeds
precipitation for most of the year. These soils are characterized by limited moisture availability,
minimal leaching, and the accumulation of salts, calcium carbonate, or gypsum in the subsurface.
Aridisols typically support sparse vegetation and are found in deserts, dry steppes, or other water-
limited environments.

Aridisols are the dominant soil type in the Anti-Atlas, particularly in the low-lying plains and
interfluves, where evaporite-rich parent materials and limited precipitation prevail. These soils are
characterized by:

. Parent material: Precambrian gneiss and schists, Paleozoic sandstones and shales.

Climate: Arid (precipitation < 200 mm/year), with high evaporation rates (> 2000 mm/year).

. Structure:

o Weak horizonation: A thin A horizon (0—-10 cm) overlying a B horizon enriched in
secondary carbonates and gypsum.

o Salic or gypsic horizons: Accumulation of soluble salts (NaCl, CaSO,) and gypsum
in the subsaoil.

o Low organic matter (< 1%), due to limited vegetation cover and high microbial
decomposition rates.

. Chemistry:

o pH: Alkaline (8.0—-9.0), due to the presence of carbonates and gypsum.

o Electrical Conductivity (EC): High (> 4 dS/m), indicating salinity.

o Cation Exchange Capacity (CEC): Low (< 10 cmol/kg), reflecting the low clay
content and dominance of sandy/silty textures.

o Dominant cations: Ca2*, Mg2*, Na*, with high sodium adsorption ratio (SAR) in
some areas.

. Mineralogy:

o Primary minerals: Quartz (SiO,), calcite (CaCO;), gypsum (CaSO,:-2H,0), and
halite (NaCl).

o Clay minerals: lllite and palygorskite, inherited from the arid weathering of parent
materials.

Calcisols

A Calcisol is a type of soil characterized by the accumulation of secondary calcium carbonate
(CaCO0:s) in the subsurface, typically in arid, semi-arid, or Mediterranean climates. These soils form
under conditions where evaporation exceeds precipitation, leading to the precipitation of calcium
carbonate as water moves upward through the soil profile. Calcisols are often associated with dry
environments and are commonly found in regions with sparse vegetation or steppe ecosystems.

Calcisols are widely distributed in the uplands and plateaus of the Anti-Atlas, where Paleozoic
limestones and marls dominate the parent material. These soils are characterized by:

. Parent material: Cambrian and Silurian limestones and marls.

. Climate: Semi-arid (precipitation 200—400 mm/year).
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. Structure:

o Well-developed Bk horizon: Accumulation of secondary carbonates (calcite),
forming a petrocalcic horizon in some cases.

o Prismatic or blocky structure, due to carbonate cementation.

o Thin A horizon (10-20 cm), with low organic matter (< 1.5%).

. Chemistry:

o pH: Strongly alkaline (8.5-9.5), due to the high carbonate content.

o EC: Moderate (2—4 dS/m), lower than Aridisols due to better drainage.

o CEC: Moderate (10—20 cmol/kg), reflecting the presence of clay minerals.

o Dominant cations: Ca?* and Mg?*.

. Mineralogy:

o Primary minerals: Calcite (CaCO3;), dolomite (CaMg(CO3),).

o Clay minerals: lllite, smectite, and palygorskite, formed by weathering of limestones

in a semi-arid climate.
Leptosols

A Leptosol is a type of shallow soil that is limited in depth by hard rock, highly calcareous material,
or other continuous, coherent layers. These soils are characterized by their thin profile, often less
than 25-30 cm deep, and are typically found in mountainous, eroded, or recently formed
landscapes. Leptosols are common in areas where soil development is restricted due to steep
slopes, erosion, or the presence of resistant parent material.

Leptosols are found in the high-altitude zones (> 1,000 m) of the Anti-Atlas, where steep slopes
and thin regolith limit soil development. These soils are characterized by:

. Parent material: Precambrian gneiss and granites.

. Climate: Semi-arid to arid (precipitation 100-300 mm/year).

. Structure:

o Very thin A horizon (0—-10 cm), directly overlying the bedrock.
o Rocky texture, with > 75% coarse fragments.

o Low organic matter content (< 1%).

. Chemistry:

o pH: Neutral to slightly alkaline (7.0-8.0).

o Organic carbon: < 1%.

o CEC: Very low (< 5 cmol/kg), due to the low clay content.
. Mineralogy:
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o Primary minerals: Quartz (SiO,), feldspars (KAISi;Og), and mica (biotite,
muscovite).

o Minimal secondary minerals, due to the limited weathering.

Regosols

A Regosol is a type of weakly developed, unconsolidated soil formed from loose, unstratified
mineral materials, such as sand, silt, loess, volcanic ash, or alluvial deposits. Regosols lack
significant horizon differentiation and are typically found in recently deposited or unstable
environments, such as floodplains, dunes, or steep slopes. They represent an early stage of soll
formation and are often considered "young soils."

Regosols are found in the alluvial plains and wadis of the Anti-Atlas, where Quaternary sediments
dominate the parent material. These soils are characterized by:

. Parent material: Quaternary alluvial deposits (sands, silts, and clays).
. Climate: Arid (precipitation < 200 mm/year).

. Structure:

o No horizonation: Single-layered profile (A horizon only, 0—20 cm thick).
o Loose, sandy to silty texture.

o Very low organic matter (< 0.5%).

. Chemistry:

o pH: Neutral to slightly alkaline (7.0-8.5).

o EC: Very low (< 1 dS/m), due to the lack of salts.

o CEC: Very low (< 5 cmol/kg), reflecting the low clay content.

. Mineralogy:

o Quartz (SiO,), feldspars (KAISi;Og), and lithic fragments.
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10. Geology, Geodynamics, and Pedology of the
Erfoud-Errachidia basins, Morocco

10.1. Introduction

The southern High Atlas region, encompassing the Erfoud-Errachidia Basin, is a key geological
and geomorphological transition zone between the High Atlas Mountains to the north and the
Saharan Platform to the south. This region is characterized by a complex interplay of tectonic,
sedimentary, and pedological processes. It is shaped by the Alpine orogeny, the Mesozoic rifting,
and the Cenozoic uplift of the High Atlas. The Erfoud-Errachidia Basin is a sedimentary
depression filled with Mesozoic to Quaternary deposits, including evaporites, carbonates, and
continental clastics, which record the geodynamic history of the region from the initial rifting
phases in the Triassic-Jurassic to the current arid climate conditions.

10.2. Morphology of the Erfoud-Errachidia region

The Erfoud—Errachidia basin is located in southeastern Morocco, at the junction between the High
Atlas to the north and the Anti-Atlas to the south. Altitudes decrease progressively from about
1,200-1,400 m near Errachidia to 700—800 m towards Erfoud. The basin is framed by structural
ridges and fault-controlled escarpments, which delimit the broad synclinal depression (Balais,
1984). The morphology is dominated by wide alluvial plains, shaped by the intermittent flow of the
Ziz River and its tributaries. Slopes are generally gentle within the basin floor (<5%), but steeper
along the bordering ridges and fault scarps (>20%). Large alluvial fans extend from the piedmont
zones into the basin, producing a stepped topography and abrupt slope breaks. Deflation surfaces
and shallow depressions testify to active aeolian erosion under the present arid climate. Towards
Erfoud, the landscape becomes increasingly flat, merging into the pre-Saharan hamada with
extensive gravelly surfaces. The contrast between steep mountain fronts and low-gradient basin
floors illustrates the strong structural control on morphology. Overall, the Erfoud—Errachidia basin
represents a transitional physiographic unit between the High Atlas Mountains and the Sahara
platform, combining tectonically bounded ridges with wide, low-relief sedimentary plains.

10.3. Geodynamic Setting and Tectonic Evolution

10.3.1. Tectonic Context and Structural Framework

The southern High Atlas region is located at the transition between the High Atlas fold-thrust belt
and the stable Saharan Platform. Its geodynamic evolution is closely linked to the Alpine orogeny,
which resulted from the convergence between the African and Eurasian plates during the
Cenozoic. The Erfoud-Errachidia Basin is a foreland basin that developed in response to the uplift
of the High Atlas and the flexural subsidence of the Saharan Platform. Its geodynamic position
results from the long-term convergence between the African and Eurasian plates, which has
driven repeated phases of uplift and subsidence across the Atlas system since the Mesozoic
(Michard et al., 2008).

Structurally, the basin is part of the South Atlas Front (Fig. 1), a major fault zone marking the
boundary between the High Atlas fold-and-thrust belt and the stable Saharan craton (Frizon de
Lamotte et al., 2000). Fault activity during the Cenozoic induced flexural subsidence, creating
accommaodation space subsequently filled by thick sedimentary sequences.

The geological succession includes Paleozoic basement rocks, overlain unconformably by
Mesozoic and Cenozoic cover. Triassic red beds and evaporites, followed by Jurassic carbonates,
represent the initial rift-related deposits associated with the Central Atlantic opening (Laville &
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Piqué, 1992). These were later overlain by Cretaceous sandstones and marls, reflecting a shift
towards passive-margin sedimentation (Wurster et al., 2014).

During the Cenozoic, compressional reactivation linked to the Africa—Europe convergence
inverted earlier extensional structures. The basin was deformed by thrusting and folding, while
syntectonic conglomerates and alluvial deposits accumulated in adjacent depressions (Sébrier &
Allégre, 1981). This tectono-sedimentary evolution explains the presence of wide synclinal troughs
bordered by resistant Paleozoic and Mesozoic ridges, as visible today near Errachidia (Fig. 2).

Recent Quaternary dynamics are characterized by fluvial incision of the Ziz River system,
extensive alluvial fans, and aeolian deflation surfaces, reflecting the interplay between active
tectonics and the prevailing arid climate. The basin thus records the combined imprint of rifting,

compressional inversion, and ongoing geomorphic adjustmen
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Figure 1: Localization of the study area, south of the High Atlas of Marrakech and between the
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T»'r'nt\'«; = ‘b\u{""

Duasatel

Neoprderuzne

4+ / r

IrtnCaromamen-focern

S
€
N [
?r— [::f =
Wor

Figure 2: Map and section of the study area. Most of the faults traced on the section are normal
Mesozoic faults reactivated during Alpine Compression. (El Arabi et al., 2003)

10.3.2. Lithology and Stratigraphy

Page | 38

UL programme under HORIZON-MSCA-2023-SE-01 grant agreement No 101183089

This project has received funding from the European Union’s Horizon 2023 research and innovation



ARCHISPACE

The lithology of the southern High Atlas spans from the Paleozoic to the Quaternary, reflecting its
complex geodynamic history. The key lithological units are described below, with a focus on their
mineralogy and chemistry.

Paleozoic Basement

The Paleozoic basement of the basin is composed of metamorphic and sedimentary rocks,
including:

. Schists and quartzites: Formed during the Hercynian orogeny, these rocks are rich in mica
(muscovite, biotite), quartz, and feldspars (plagioclase, K-feldspar). They are exposed in the axial
zones of the High Atlas and are often overlain by Mesozoic cover rocks.

. Devonian sandstones and shales: Deposited in fluvial and marine environments, these
rocks are rich in quartz, feldspars, and clay minerals (illite, chlorite).

The geochemistry of the Paleozoic basement rocks reflects their metamorphic and sedimentary
origins:

. Schists and quartzites: High SiO, (65-75%), Al,O5; (10-15%), and K,O (2—4%), with low
CaO and MgO contents.

. Devonian sandstones: High SiO, (70-80%), Al,O; (10-15%), and Fe,O; (2-5%), with
variable organic carbon content (0.5-2%).

Mesozoic Cover

The Mesozoic cover of the southern High Atlas is dominated by sedimentary and evaporite rocks,
including:

. Triassic red sandstones and evaporites: Deposited in continental rift basins, these rocks
are rich in quartz, feldspars, gypsum (CaS0O,-2H,0), and halite (NaCl). The evaporites are
significant for salt tectonics and hydrocarbon trappingresearchgate.net+1.

. Jurassic limestones and dolomites: Deposited in shallow marine environments, these rocks
are composed of calcite (CaCO;) and dolomite (CaMg(COs),), with fossiliferous content (e.g.,
ammonites, coral reefs). The Ilimestones are often Kkarstified, hosting extensive cave
systemsogst.ifpenergiesnouvelles.fr+1.

. Cretaceous flysch deposits: Composed of alternating layers of sandstones and shales,
deposited in deep marine environments. These rocks are rich in quartz, feldspars, and clay
minerals (illite, smectite).

The geochemistry of the Mesozoic cover rocks is the following:

. Triassic sandstones: High SiO, (60—70%), Al,O; (10-15%), and Fe,O; (2-5%), with low
CaO and MgO contents.
. Jurassic limestones: High CaO (40-50%) and MgO (2-5%), with low SiO, (< 10%).
. Cretaceous flysch: Variable SiO, (50-70%) and Al,O; (10-15%).
Page | 39

This project has received funding from the European Union’s Horizon 2023 research and innovation
programme under HORIZON-MSCA-2023-SE-01 grant agreement No 101183089




Orage
LEGEND:
8 === Umestones, shsiones
S Basakic Nowo
[4 iy . St
o e ’ Sarcvores | stworem
E ‘ Fine-grained sandsiones
L. = Cuans grurud sandéirm
A, ) Comonemes
gy 5 1 e TR #-sored conglomantes
™7 3 RIS Riwolos
| l o Noundary sirtsces
' F o Fach
) . l
= -
whi ’ Secrrertary atom
A l « Plany cossbedding
2 = = I »  Trough cross-bedding
3 | ey == Worgortal bedding
° 3 Charneols
) 2 g Partng bratoss
t-—‘. l - Catonates iIncrustations
pas 2 | s
g | SEE3 - I Basic sequences
- =k > - It Sedmantary sequences
e 3 = . V. Peleocurmants dwection
c ~.~. " o (-1 Course-grunmd
(+¥ Fro-gnned
S
A,
yedsn] < No: Necpolennzck
L

Figure 3: Stratigraphy of the study area. (From El Arabi et al., 2003).
Cenozoic Deposits
The Cenozoic deposits of the southern High Atlas include:

. Paleogene-Neogene molasse: Continental red beds and conglomerates, deposited in
intermontane basins during the uplift of the High Atlas. These deposits are composed of quartz,
feldspars, and lithic fragments, with variable clay contentresearchgate.net+1.

. Quaternary alluvial and aeolian deposits: Found in valleys and basins, these deposits are
composed of unconsolidated sands, silts, and clays, often derived from the erosion of the High
Atlas.

The geochemistry of the Cenozoic deposits reflects their continental and aeolian origins:

. Molasse deposits: High SiO, (60-75%), Al,O; (10-15%), and Fe,O; (2-5%), with variable
CaO and MgO contents.

. Aeolian deposits: High SiO, (70-85%), with low organic matter (< 0.5%) and variable clay
content.

10.4. Pedology: Soil Types, Distribution Chemistry, and Mineralogy

There is very little or no general bibliography available on the soils of Morocco. The FAO soil map
(https://lwww.fao.org/) was used, and the different soils are subsequently described based on this
map and their definitions provided by the World Reference Base for Soil Resources (WRB).

The soils of the southern High Atlas are strongly influenced by the hyper-arid to semi-arid climate,
the parent material (dominated by Triassic evaporites, Jurassic limestones, and Quaternary
alluvial deposits), and limited vegetation cover. The main soil types include Aridisols, Gypsisols,
Regosols, and Solonchaks, each with distinct chemical and mineralogical properties.
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Figure 4: Soil map of South High Atlas region (Morocco). Legend available
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/faounesco-soil-map-of-the-
world/en/

Aridisols

An Aridisol is a type of soil that forms in arid or semi-arid climates, where evaporation exceeds
precipitation for most of the year. These soils are characterized by limited moisture availability,
minimal leaching, and the accumulation of salts, calcium carbonate, or gypsum in the subsurface.
Aridisols typically support sparse vegetation and are found in deserts, dry steppes, or other water-
limited environments.

Aridisols are the dominant sail type in the southern High Atlas, particularly in the Erfoud-Errachidia
Basin, where evaporite-rich parent materials and limited precipitation prevail. These soils are
characterized by:

. Parent material: Triassic evaporites (gypsum, halite), Jurassic limestones, and Quaternary
alluvial deposits.

. Climate: Hyper-arid to arid (precipitation < 100 mm/year), with high evaporation rates (>
3000 mm/year).

o Structure:

o Weak horizonation: A thin A horizon (0-5 cm) overlying a B horizon enriched in
secondary carbonates and gypsum.

o Salic or gypsic horizons: Accumulation of soluble salts (NaCl, CaSO,) and gypsum
in the subsaoil.

o Low organic matter (< 0.5%), due to limited vegetation cover and high microbial

decomposition rates.

. Chemistry:

o pH: Alkaline (8.0-9.5), due to the presence of carbonates and gypsum.

o Electrical Conductivity (EC): Very high (> 8 dS/m), indicating extreme salinity.

o Cation Exchange Capacity (CEC): Very low (< 5 cmol/kg), reflecting the low clay

content and dominance of sandy/silty textures.
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o Dominant cations: Ca?*, Mg?*, Na*, with high sodium adsorption ratio (SAR > 15).

. Mineralogy:

o Primary minerals: Quartz (SiO,), calcite (CaCO;), gypsum (CaSO,-2H,0), and
halite (NaCl).

o Clay minerals: lllite and palygorskite, inherited from the arid weathering of parent
materials.

Gypsisols

A Gypsisol is a type of soil characterized by the accumulation of secondary gypsum (calcium
sulfate, CaS0O,-2H,0) in the subsurface, typically in arid or semi-arid climates. These soils form
under conditions where evaporation exceeds precipitation, leading to the precipitation of gypsum
as water moves upward through the soil profile. Gypsisols are commonly found in desert margins,
dry steppes, or other water-limited environments where gypsum accumulates due to limited
leaching.

Gypsisols are widely distributed in the Erfoud-Errachidia Basin, where Triassic gypsum deposits
dominate the parent material. These soils are characterized by:

. Parent material: Triassic gypsum (CaS0O,-2H,0) and Jurassic limestones.

. Climate: Hyper-arid (precipitation < 100 mm/year).

. Structure:

o Gypsic horizon: Accumulation of secondary gypsum (CaS0,-2H,0) in the subsoil,
often forming a hardpan.

o Weak horizonation, with a thin A horizon (0-10 cm).

o Low organic matter (< 0.5%).

. Chemistry:

o pH: Neutral to slightly alkaline (7.5-8.5).

o EC: High (4-8 dS/m), due to the presence of gypsum and soluble salts.

o CEC: Very low (< 5 cmol/kg), reflecting the low clay content.

o Dominant cations: Ca?* and SO,2?".

. Mineralogy:

o Primary minerals: Gypsum (CaS0O,-2H,0), calcite (CaCO,), and quartz (SiO,).

o Clay minerals: Palygorskite and illite, formed by weathering of gypsum and
limestones.

Regosols

A Regosol is a type of weakly developed, unconsolidated soil formed from loose, unstratified
mineral materials, such as sand, silt, loess, volcanic ash, or alluvial deposits. Regosols lack
significant horizon differentiation and are typically found in recently deposited or unstable
environments, such as floodplains, dunes, or steep slopes. They represent an early stage of soil
formation and are often considered "young soils."
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Regosols are found in the alluvial plains and wadis of the southern High Atlas, where Quaternary
aeolian and alluvial deposits dominate the parent material. These soils are characterized by:

. Parent material: Quaternary sands, silts, and clays.

. Climate: Hyper-arid to arid (precipitation < 150 mm/year).

. Structure:

o No horizonation: Single-layered profile (A horizon only, 0—20 cm thick).
o Loose, sandy to silty texture.

o Very low organic matter (< 0.3%).

. Chemistry:

o pH: Neutral to slightly alkaline (7.0-8.5).

o EC: Low to moderate (1-4 dS/m), depending on the proximity to evaporite deposits.
o CEC: Very low (< 5 cmol/kg), reflecting the low clay content.

. Mineralogy:

o Quartz (SI0O,), feldspars (KAISi;Og), and lithic fragments.

Solonchaks

Solonchaks are a type of soil characterized by the accumulation of soluble salts (such as sodium
chloride, magnesium sulfate, and calcium sulfate) in the root zone or surface layers. These soils
form in arid, semi-arid, or poorly drained environments where evaporation exceeds precipitation,
leading to the concentration of salts near the surface. Solonchaks are typically found in deserts,
salt flats, coastal marshes, or irrigated agricultural lands where improper drainage or high
evaporation rates cause salt buildup.

Solonchaks are found in the low-lying areas near sabkhas (salt flats) and irrigated fields, where
capillary rise of saline groundwater leads to salt accumulation. These soils are characterized by:

. Parent material: Triassic evaporites (halite, gypsum) and Quaternary alluvial deposits.
. Climate: Hyper-arid (precipitation < 100 mm/year).
. Structure:
o Salic horizon: Accumulation of soluble salts (NaCl, Na,SO,) in the upper 30-50 cm.
o Poor structure, often crusty or massive.
o Very low organic matter (< 0.3%).
. Chemistry:
o pH: Neutral to slightly alkaline (7.5-8.5).
o EC: Very high (> 15 dS/m), indicating extreme salinity.
o CEC: Very low (< 5 cmol/kg), due to the dominance of sandy textures.
o Dominant cations: Na*, Cl-, SO,2".
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. Mineralogy:

o Halite (NaCl), gypsum (CaS0O,:-2H,0), thenardite (Na,SO,).
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11. Geology, Geodynamics, and Pedology of the
Atlantic Margin of Morocco (Guelmim-Tarfaya basin)

1. Introduction

11.1 Introduction

The Atlantic Margin of Morocco, particularly the Guelmim region, represents a key geological
transition zone between the Anti-Atlas Mountains to the east and the Atlantic Ocean to the west.
This region is characterized by a complex interplay of tectonic, sedimentary, and pedological
processes, shaped by the opening of the Central Atlantic Ocean during the Mesozoic era and the
subsequent passive margin evolution. The Guelmim region is part of the Guelmim-Tarfaya Basin,
a sedimentary depression filled with Mesozoic to Cenozoic deposits, including evaporites,
carbonates, and continental clastics. These deposits record the geodynamic history of the margin,
from the initial rifting phases in the Triassic-Jurassic to the current arid climate conditions, which
strongly influence soil formation and degradation processes.

11.2. Topography and Morphology of the Guelmim Region (Atlantic
Margin, Morocco)

The Guelmim region forms the southern gateway of Morocco’s Atlantic plains, bounded by the
Anti-Atlas ranges to the east and the Atlantic Ocean to the west. Elevations are moderate,
generally between 200 and 1000 m, with the highest relief along the eastern foothills of the Anti-
Atlas (Choubert & Faure-Muret, 1983; Michard et al., 2008).

The landscape is dominated by wide pediment surfaces and glacis slopes, gently inclined towards
the Atlantic margin. These surfaces result from long-term erosion and the dismantling of the
Paleozoic and Precambrian uplands of the Anti-Atlas (Riser, 1982). In many places, stepped
morphologies reflect successive generations of planation surfaces.

The Oued Noun valley is the principal morphological feature, forming a broad depression aligned
east—west and draining directly into the Atlantic near Guelmim. The valley floor is wide and filled
with Quaternary alluvium, contrasting with rocky hills and low ridges that delimit its margins (Ennih
& Liégeais, 2001).

Slopes are generally gentle (<10%) across the pediment zones, but steeper escarpments occur at
the contact with the Anti-Atlas, where differential erosion of hard Precambrian rocks produces
abrupt relief. Towards the coast, marine terraces and flattened surfaces testify to Quaternary uplift
and eustatic fluctuations (Frizon de Lamotte et al., 2000).

Aeolian processes are also significant: wind deflation has shaped gravelly regs and dune fields,
especially south of Guelmim. These forms interact with alluvial fans that spread from the Anti-Atlas
piedmont, generating composite slope systems. Overall, the Guelmim region presents a
transitional topography, combining low-relief coastal plains, stepped pediments, and the rising
front of the Anti-Atlas mountains.

11.3. Geodynamic Setting and Tectonic Evolution

11.3.1. Tectonic Context and Structural Features

The Guelmim region is located on the Atlantic passive margin of Morocco (Fig. 1), which formed
during the breakup of Pangea and the opening of the Central Atlantic Ocean in the Triassic-
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Jurassic period (~200-150 Ma). This margin is characterized by a thick sedimentary cover (up to
10 km) overlying the Precambrian-Paleozoic basement of the Anti-Atlas. The structural evolution
of the region is marked by three main phases:

1. Triassic-Jurassic rifting: This phase corresponds to the initial extension associated with the
breakup of Pangea and the formation of the Central Atlantic. The Guelmim-Tarfaya Basin
developed as a half-graben, filled with continental clastics, evaporites, and basalts related to the
early stages of rifting. The evaporite deposits (halite, anhydrite, and gypsum) are particularly
significant, as they later influenced salt tectonics and hydrocarbon trapping

2. Cretaceous-Paleogene subsidence: Following the rifting phase, the region experienced
thermal subsidence, leading to the deposition of marine carbonates and marls during the Jurassic-
Cretaceous transgressions. These deposits are dominated by limestones, dolomites, and shales,
which form potential hydrocarbon source rocks and reservoirs

3. Cenozoic uplift and reactivation: During the Alpine orogeny, the Anti-Atlas experienced
compressional reactivation, but the Guelmim region remained relatively stable, acting as a
transition zone between the uplifted Anti-Atlas and the Atlantic Basin. The Quaternary period is
marked by alluvial and aeolian deposits, reflecting the arid climate and erosional processes that
dominate the region today.

The structural features of the Guelmim region include:

o Normal faults related to the Triassic-Jurassic rifting,
. Salt diapirs formed by the mobilization of Triassic evaporites,
o Gentle folds associated with the Cenozoic compressional reactivation of the Anti-Atlas.
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Figure 1: Tectonic map of the Atlantic Margin of Morocco, showing the Guelmim-Tarfaya Basin,
major faults, and sedimentary cover (from Uranga et al., 2022).
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11.3.2. Lithology and Stratigraphy

The stratigraphy of the Guelmim region spans from the Triassic to the Quaternary (fig. 2),
reflecting the evolution of the Atlantic passive margin and the climatic changes that have
influenced sedimentation. The key lithological units are described below:

Triassic Deposits

The Triassic deposits are dominated by continental clastics and evaporites, which were deposited
in restricted basins during the early stages of rifting. These deposits include:

. Red sandstones and shales: Deposited in fluvial and lacustrine environments, these rocks
are rich in iron oxides, giving them their characteristic red color.
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Figure 2: Stratigraphy of the Guelmim-Tarfaya basins. (Uranga et al., 2022)

. Evaporites: Composed of halite (NaCl), anhydrite (CaSO,), and gypsum (CaSO,-2H,0),
these deposits formed in arid, restricted marine environments and are significant for salt tectonics
and hydrocarbon trapping

. Basalts: Tholeiitic basalts are interbedded with the evaporites and represent the early
volcanic activity associated with the rifting phase.

The mineralogy of the Triassic deposits is dominated by:
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. Quartz and feldspars (plagioclase and K-feldspar) in the sandstones,
. Halite, anhydrite, and gypsum in the evaporites,
. Pyroxene and olivine in the basalts.

The geochemistry of the basalts indicates a tholeiitic affinity, with low alkali content (Na,O + K,0 <
3%) and high FeO and TiO, contents, typical of continental rifting environments (Frinzon et al.,
2009).

Jurassic Deposits

The Jurassic period is marked by the transgression of the Atlantic Ocean, leading to the
deposition of marine carbonates and shales. The key lithologies include:

. Limestones and dolomites: Deposited in shallow marine environments, these rocks are
composed of calcite (CaCO;) and dolomite (CaMg(CO,),), with fossiliferous content (e.g.,
ammonites, bivalves).

. Shales and marls: Deposited in deeper marine environments, these rocks are rich in clay
minerals (illite, smectite) and organic matter, making them potential source rocks for hydrocarbons

The mineralogy of the Jurassic carbonates is dominated by:
. Calcite and dolomite in the limestones,
. Illite, smectite, and chlorite in the shales.

The geochemistry of the Jurassic carbonates reflects their marine origin, with high CaO and MgO
contents and low silica content (SiO, < 10%)

Cretaceous Deposits

The Cretaceous period is characterized by the continued transgression of the Atlantic Ocean,
leading to the deposition of marine sediments in a shallow to deep marine environment. The key
lithologies include:

. Limestones and marls: Similar to the Jurassic deposits, these rocks are composed of
calcite and dolomite, with fossiliferous content (e.g., rudists, foraminifera).

. Sandstones and conglomerates: Deposited in near-shore environments, these rocks are
composed of quartz, feldspars, and lithic fragments.

The mineralogy of the Cretaceous deposits is dominated by:
. Calcite and dolomite in the limestones,
. Quartz, feldspars, and lithic fragments in the sandstones.

The geochemistry of the Cretaceous sediments reflects their marine origin, with variable silica
content (SiO, = 10-50%) depending on the proximity to the shoreline

Cenozoic Deposits

The Cenozoic period is marked by the uplift of the Anti-Atlas and the formation of continental
basins, leading to the deposition of alluvial and aeolian sediments. The key lithologies include:

. Red beds: Composed of sandstones, siltstones, and conglomerates, these deposits are
rich in iron oxides and were deposited in fluvial and alluvial fan environments.
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. Travertines and calcretes: Formed by the precipitation of calcium carbonate in continental
environments, these deposits are associated with karstification processes.

The mineralogy of the Cenozoic deposits is dominated by:
. Quartz and feldspars in the sandstones,
. Calcite in the travertines and calcretes.

The geochemistry of the Cenozoic sediments reflects their continental origin, with high silica
content (SiO, > 60%) and variable alkali content

11.4. Pedology: Soil Types, Chemistry, and Mineralogy

There is very little or no general bibliography available on the soils of Morocco. The FAO soil map
(https:/lwww.fao.org/) was used, and the different soils are subsequently described based on this
map and their definitions provided by the World Reference Base for SO|I Resources (WRB).

i ; . :

Figure 3: Soil map of the Guelmlm Tarfaya reglon (Morocco) Legend avallable https //WWW fao.org/soils-
portal/data-hub/soil-maps-and-databases/faounesco-soil-map-of-the-world/en/

The soils of the Guelmim region are primarily shaped by the arid to semi-arid climate, the parent
material (dominated by Triassic evaporites, Jurassic limestones, and Quaternary alluvial deposits),
and anthropogenic activities such as overgrazing and irrigation. The main soil types observed in
the region include Aridisols, Calcisols, Regosols, and Solonchaks, each reflecting the unique
environmental conditions of southern Morocco.

Aridisols

An Aridisol is a type of soil that forms in arid or semi-arid climates, where evaporation exceeds
precipitation for most of the year. These soils are characterized by limited moisture availability,
minimal leaching, and the accumulation of salts, calcium carbonate, or gypsum in the subsurface.
Aridisols typically support sparse vegetation and are found in deserts, dry steppes, or other water-
limited environments.

Aridisols are the dominant soil type in the Guelmim region, particularly in the low-lying plains and
interfluves, where evaporite-rich parent materials (Triassic gypsum and halite) and Jurassic
limestones prevail. These soils are characterized by:

. Parent material: Triassic evaporites (gypsum, halite) and Jurassic limestones (calcite,

dolomite).

. Climate: Arid (precipitation < 200 mm/year), with high evaporation rates (> 2000 mm/year).
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. Structure:

o Weak horizonation: A thin A horizon (0—10 cm) overlying a B horizon enriched in
secondary carbonates and gypsum.

o Salic or gypsic horizons: Accumulation of soluble salts (NaCl, CaSO,) and gypsum
in the subsaoil.
o Low organic matter (< 1%), due to limited vegetation cover and high microbial

decomposition rates.

. Chemistry:

o pH: Alkaline (8.0-9.0), due to the presence of carbonates and gypsum.

o Electrical Conductivity (EC): High (> 4 dS/m), indicating salinity.

o Cation Exchange Capacity (CEC): Low (< 10 cmol/kg), reflecting the low clay
content and dominance of sandy/silty textures.

o Dominant cations: Ca2*, Mg2*, Na*, with high sodium adsorption ratio (SAR) in
some areas.

. Mineralogy:

o Primary minerals: Quartz (SiO,), calcite (CaCO;), gypsum (CaSO,-2H,0), and
halite (NaCl).

o Clay minerals: lllite and palygorskite, inherited from the arid weathering of parent
materials.

Calcisols

A Calcisol is a type of soil characterized by the accumulation of secondary calcium carbonate
(CaCO0,) in the subsurface, typically in arid, semi-arid, or Mediterranean climates. These soils form
under conditions where evaporation exceeds precipitation, leading to the precipitation of
calcium carbonate as water moves upward through the soil profile. Calcisols are often associated
with dry environments and are commonly found in regions with sparse vegetation or steppe
ecosystems.

Calcisols are widely distributed in the uplands and plateaus of the Guelmim region, where Jurassic
and Cretaceous limestones dominate the parent material. These soils are characterized by:

. Parent material: Jurassic limestones (calcite, dolomite) and Cretaceous marls.

. Climate: Semi-arid (precipitation 200—400 mm/year).

o Structure:

o Well-developed Bk horizon: Accumulation of secondary carbonates (calcite),

forming a hardpan (petrocalcic horizon) in some cases.

o Prismatic or blocky structure, due to carbonate cementation.

o Thin A horizon (10-20 cm), with low organic matter (< 1.5%).

. Chemistry:

o pH: Strongly alkaline (8.5-9.5), due to the high carbonate content.
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o EC: Moderate (2—4 dS/m), lower than Aridisols due to better drainage.

o CEC: Moderate (10—20 cmol/kg), reflecting the presence of clay minerals.

o Dominant cations: Ca?* and Mg?*.

. Mineralogy:

o Primary minerals: Calcite (CaCO), dolomite (CaMg(CO,),).

o Clay minerals: lllite, smectite, and palygorskite, formed by weathering of limestones

in a semi-arid climate.
Regosols

A Regosol is a type of weakly developed, unconsolidated soil formed from loose, unstratified
mineral materials, such as sand, silt, loess, volcanic ash, or alluvial deposits. Regosols lack
significant horizon differentiation and are typically found in recently deposited or unstable
environments, such as floodplains, dunes, or steep slopes. They represent an early stage of sall
formation and are often considered "young soils."

Regosols are found in the coastal dunes and sandy areas of the Guelmim region, where
Quaternary aeolian sands dominate the parent material. These soils are characterized by:

. Parent material: Quaternary aeolian sands (quartz-dominated) and alluvial deposits.
. Climate: Arid (precipitation < 200 mm/year).

. Structure:

o No horizonation: Single-layered profile (A horizon only, 0—10 cm thick).
o Loose, sandy texture, with very low water retention capacity.

o Almost no organic matter (< 0.5%).

. Chemistry:

o pH: Neutral to slightly alkaline (7.0-8.0).

o EC: Very low (< 1 dS/m), due to the lack of salts.

o CEC: Very low (< 2 cmol/kg), reflecting the absence of clay minerals.

. Mineralogy:

o Quartz (SiO,), with minor feldspars (KAISi;Og) and lithic fragments.
Solonchaks

Solonchaks are a type of soil characterized by the accumulation of soluble salts (such as sodium
chloride, magnesium sulfate, and calcium sulfate) in the root zone or surface layers. These soils
form in arid, semi-arid, or poorly drained environments where evaporation exceeds precipitation,
leading to the concentration of salts near the surface. Solonchaks are typically found in deserts,
salt flats, coastal marshes, or irrigated agricultural lands where improper drainage or high
evaporation rates cause salt buildup.

Solonchaks are found in the low-lying areas near sabkhas (salt flats) and irrigated fields, where
capillary rise of saline groundwater leads to salt accumulation. These soils are characterized by:
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. Parent material: Triassic evaporites (halite, gypsum) and alluvial deposits.

. Climate: Arid (precipitation < 200 mm/year).

. Structure:

o Salic horizon: Accumulation of soluble salts (NaCl, Na,SO,) in the upper 30-50 cm.
o Poor structure, often crusty or massive.

o Very low organic matter (< 0.5%).

. Chemistry:

o pH: Neutral to slightly alkaline (7.5-8.5).

o EC: Very high (> 15 dS/m), indicating strong salinity.

o CEC: Low (< 10 cmol/kg), due to the dominance of sandy textures.
o Dominant cations: Na*, Cl-, SO,2".

. Mineralogy:

o Halite (NaCl), gypsum (CaSO,-2H,0), thenardite (Na,SO,).
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ARCHISPACE

12. Conclusion

This deliverable has defined a transparent and reproducible framework for the selection of study
sites within WP2 of the ArchiSpace project. By establishing a structured scorecard, integrating
both primary and secondary criteria, it ensures that the selection process will be scientifically
rigorous while remaining adaptable to operational constraints. The primary criteria—geology, soll
and pedology, climate and environment, and logistics—guarantee that selected sites will provide
robust terrestrial analogues for planetary construction experiments, while secondary criteria
broaden the interdisciplinary and outreach potential of the work.

The comparative overview of six candidate geological regions—the Canary Islands, the Middle
Atlas, the High Atlas, the Anti-Atlas, the Erfoud region, and the Tarfaya Basin—highlights the
exceptional geodiversity encompassed by the project. These regions offer complementary
features, ranging from volcanic terrains and tectonic mountain belts to arid foreland basins and
sedimentary plateaus. Although no final decision on study sites has yet been made, the
application of the scorecard will allow the selection of three regions best suited for subsequent
investigations.

This deliverable thus provides a coherent baseline for the next phases of WP2. It sets the
methodological and scientific groundwork for site reconnaissance, field campaigns, and data
acquisition, ensuring that future activities are aligned with both the objectives of ArchiSpace and
the broader scientific community engaged in analogue research.
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