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RESUME

L'industrie miniére au Maroc joue un role primordial dans I'économie du pays, notamment grace a
l'extraction de minéraux tels que le phosphate, I'argent, 1'or, le zinc, le cuivre, le cobalt, la fluorite,
et la barite. Toutefois, cette industrie génere d'importantes quantités de déchets miniers qui doivent
étre gérés efficacement. Les déchets miniers comprennent des matériaux tels que les résidus, les
roches stériles, les boues, les eaux miniéres et les produits chimiques qui restent apres l'extraction
des minéraux. Ce projet de thése se focalise sur I'industrie minie¢re des phosphates, un secteur connu
pour produire des quantités substantielles de stériles rocheux des phosphates (SRP). Ces stériles,
sous-produits de l'extraction du phosphate, sont souvent mélangés et stockés en surface sous forme
de grandes haldes de stériles, ce qui les rend difficiles a réhabiliter. Les stériles sont principalement
des couvertures et des intercalaires, composés essentiellement de carbonates, d'argiles, de marnes

et de silex.

L'objectif principal du présent travail est de s'orienter vers I'étude des SRP en amont de la chaine
miniere dans la mine de Benguerir, au Maroc, afin de caractériser chaque lithologie séparément.
Cette approche vise a fournir une compréhension détaillée et compléte de la composition, des
caractéristiques et des applications potentielles des stériles, facilitant ainsi l'identification des
opportunités de réutilisation ou de valorisation efficace de ces sous-produits. En conséquence, trois
objectifs spécifiques ont été définis : 1) comprendre les propriétés géologiques et géomécaniques
des SRP en vue de leurs potentielles applications dans le domaine génie civil ; ii) évaluer la
géochimie et le comportement environnemental des SRP ; iii) adopter une approche intégrée de
l'utilisation durable des SRP (p. ex. remblais routiers). Trois hypothéses ont été formulées dans
cette these : 1) la caractérisation géominéralurgique en amont permet d'explorer les possibilités de
valorisation des SRP, ii) la réalisation d'une évaluation géo-environnementale compléte en amont
des SRP permet d'identifier les risques potentiels et d'explorer les possibilités de récupération des
ressources, et iii) la proposition de lignes directrices pour la valorisation des SRP permettra de les
transformer en ressources précieuses, contribuant ainsi a la gestion durable des déchets et a

I'utilisation efficace des ressources.

Pour atteindre ces objectifs, I'approche méthodologique a débuté par une étude bibliographique
approfondie qui a servi de base aux étapes suivantes. Cette premicre phase a €té suivie par des

missions sur le terrain portant sur le carottage et la collecte d'échantillons. Une stratégie
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d'échantillonnage méticuleuse a ét¢ élaborée, combinant des méthodes aléatoires et ciblées afin de
garantir un processus de collecte de données complet. Les échantillons prélevés ont ensuite fait
I'objet de divers tests de caractérisation et d'analyses portant sur les aspects géologiques,
géomécaniques, pétrographiques, minéralogiques, chimiques et environnementaux. Ces analyses
ont permis d'obtenir une compréhension globale de la composition et des propriétés des
intercalaires. L'intégration des parameétres géologiques (lithologie et épaisseur) dans un cadre de
géomodélisation a permis d'estimer les volumes mais aussi de mettre en évidence la distribution du
gisement. Enfin, cette approche méthodologique a permis de réaliser une analyse approfondie et
multidimensionnelle essentielle a la prise de décision en matiere de gestion des ressources et de
conservation de l'environnement, en proposant des lignes directrices pour les voies de valorisation.

Les résultats de chaque partie sont résumés dans ce qui suit.

Les résultats de la caractérisation géologique obtenus grace aux descriptions lithologiques et a
l'analyse structurale ont révélé la présence de neuf couches de phosphate et huit intercalaires, en
plus de la découverture. En outre, quatre catégories de SRP ont été identifiées : carbonate, siliceuse,
argile/marne et phosphate. L'évaluation géomécanique des échantillons de sols a montré un indice
de plasticité (IP) moyen de 50% et une valeur de bleu de méthylene (VBM) de 7,1, les classant
ainsi dans la classification A3-A4 qui correspond a des sols marneux plastiques et argileux. D'autre
part, les échantillons de roche présentent des propriétés mécaniques remarquables, en particulier
en termes de résistance a la compression uniaxiale (UCS), de la valeur d'abrasion de Los Angeles
(LA) et de valeur de micro-Deval (MD). Notamment, les valeurs moyennes de résistance a la
compression sont de 104 MPa pour le silex, 35 MPa pour le silex phosphaté, 32 MPa pour la
silexite, 26 MPa pour le calcaire, 11 MPa pour le phosphate induré et 8 MPa pour le calcaire

marncux.

Les résultats de 1'évaluation géochimique et environnementale des SRP ont révélé une composition
principalement constituée de calcite, de dolomite, d'apatite et de quartz, avec la présence de phases
mineures supplémentaires telles que des minéraux argileux. D'un point de vue chimique, les SRP
sont dominés par les principaux oxydes suivants : CaO et MgO, SiO: et P2Os. Les éléments traces
présents dans les échantillons ont ét¢ classés en trois groupes distincts en fonction de leurs
concentrations : un groupe comprenant Zn et Cr avec des concentrations supérieures a 150 ppm,
un groupe contenant Ba, V, Ni, Zr, Y, U, Cu, Cd et Co avec des concentrations comprises entre 10

et 150 ppm, et un groupe d'éléments traces avec des concentrations relativement plus faibles (< 10
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ppm), comprenant Rb, Pb, As, Mo, Se, Sc, Ga, Nb, Th, Hf, Sb, et Cs. Sur le plan environnemental,
les résultats des tests de lixiviation ont indiqué que les lixiviats présentaient un pH neutre a alcalin
de 60,6 a 9,1+0.3 pour tous les échantillons, ce qui indique un potentiel de neutralisation élevé de
38 a 991 kg CaCOgs/t. En outre, la libération des éléments majeurs (Ca, Mg, K, Si, Sr et P) et des
¢léments traces (As, Ba, Cd, Cr, Se et U) est restée dans les limites des normes internationales, a
savoir la réglementation de I'Agence américaine pour la protection de I'environnement (USEPA)
et la norme universelle de traitement (UTS) ; ce qui confirme la nature non dangereuse des stériles
phosphatés. Par conséquent, les SRP étudi€¢ peuvent étre considéré comme matiere premicre

naturelle viable convenant a diverses applications civiles.

L'étude de la valorisation potentielle des SRP, en particulier les lithologies d'argile marneuse et de
calcaire marneux dans les remblais routiers, une étude a multiples facettes qui combine
I'expérimentation, I'analyse de la stabilité et I'évaluation économique. Une caractérisation détaillée
arévélé que les échantillons sont principalement composés de CaO, SiO2 et MgO, avec des phases
minérales dominantes comprenant du quartz, de la calcite, de la dolomite, de l'apatite et des
minéraux argileux. Les évaluations environnementales ont classé les matériaux comme des déchets
non dangereux, ouvrant ainsi la voie a leur utilisation en toute sécurité. L'analyse géotechnique a
classé le calcaire marneux et 'argile marneuse comme appartenant a des catégories spécifiques, ce
qui indique qu'ils conviennent comme matériaux de remblai durables. En outre, I'analyse de la
stabilité a confirmé ce fait en déterminant que des remblais d'une hauteur maximale de 10 métres
utilisant de I'argile marneuse sont réalisables avec des facteurs de sécurité satisfaisants. Pour le
calcaire marneux, un soutien supplémentaire, tel qu'un banc d'enrochement, peut permettre des
remblais de hauteur similaire avec des marges de sécurité adéquates. En outre, une évaluation
économique a souligné la rentabilité¢ de I'utilisation des matériaux SRP dans un rayon de 28 km
autour du site minier, ce qui en fait une alternative viable aux matériaux traditionnels pour les

projets de construction.

Les résultats géomécaniques, géochimiques, minéralogiques et environnementaux ont révélé que
les SRP présentent un potentiel important de réutilisation bénéfique. Les résultats suggerent que
les SRP peuvent étre efficacement réutilisés dans des secteurs tels que le génie civil, I'industrie du
ciment, la construction de routes, la récupération du phosphate résiduel et la neutralisation du
drainage minier acide. Un guide structuré des voies de valorisation des SRP a été proposé, offrant

un cadre structuré pour l'exploration des voies de valorisation potentielles des stériles phosphatés.



Le présent projet a permis de faire progresser les connaissances sur les déchets des mines de
phosphate en amont et de mettre en évidence l'importance des pratiques durables et de

I'optimisation des ressources dans diverses applications industrielles.
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ABSTRACT

The mining industry in Morocco plays a crucial role in the country's economy, mainly through the
extraction of minerals like phosphate, silver, gold, zinc, copper, cobalt, fluorite, barite, etc.
However, this industry generates substantial quantities of mining waste that must be effectively
managed. Mining waste includes materials such as tailings, rock, sludge, and mine water left over
after the extraction of minerals. This thesis project focuses on the phosphate mining industry, a
sector notorious for producing substantial amounts of phosphate waste rock (PWR). This waste
rock, a byproduct of phosphate extraction, is often mixed and stored on the surface as large waste
rock piles (WRPs), which makes it difficult to rehabilitate. The PWRs are mainly overburden and

interburdens, primarily composed of carbonates, clays, marls, and flints.

The main aim of the present work is to provide a detailed and comprehensive understanding of the
waste rock's composition, characteristics, and potential applications from phosphate exploitation,
facilitating the identification of opportunities for effectively reusing or valorizing these by-
products. Accordingly, three specified objectives were defined: 1) understanding the geological and
geomechanical properties of PWR given their potential civil applications, ii) assess the
geochemistry and environmental behavior of PWR, and iii) Integrated approach to sustainable
utilization of PWR in road embankments. Three hypotheses were drawn in the thesis: 1) upstream
geomineralurgical characterization allows exploring opportunities for PWR valorization, ii)
conducted a comprehensive upstream geo-environmental assessment of PWR allows for the
identification of potential hazards and exploration opportunities for resource recovery, and iii)
proposing guidelines for the valorization of PWR will successfully convert it from a previously
discarded by-product into a valuable resource, contributing to sustainable waste management and

resource efficiency.

To achieve these objectives, the methodological approach began with an extensive bibliographic
study that laid the foundation for subsequent steps. This initial phase was followed by field
missions focused on core drilling and sample collection. The sampling strategy consisted of
combining random and targeted methods to ensure a comprehensive data collection process.
Various characterization tests and analyses were then conducted on the collected samples,
encompassing geological, geomechanical, petrographic, mineralogical, chemical, and

environmental aspects. These analyses provided a global understanding of the interburdens
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composition and properties. The integration of the geological parameters (lithology and thickness)
into a geomodeling framework allowed for volume estimations but also illuminated deposit
distribution. Finally, this methodological approach ensured a thorough, multidimensional analysis
essential for informed decision-making in resource management and environmental conservation
by proposing guidelines for valorization pathways. The results of each part are summarized in the

following.

The geological characterization results obtained through lithological descriptions and structural
analysis have revealed the presence of nine phosphate layers in addition to the overburdens and
eight interburdens in the studied area. Furthermore, four distinct types of PWR have been
identified: carbonate, siliceous, marly clay, and phosphate. The geomechanical assessment of soil-
like samples has shown an average plasticity index (PI) of 50% and a methylene blue value (MBV)
of 7.1, thus categorizing them within the A3—A4 classification as plastic and clayey marl soils. On
the other hand, the hard rock samples exhibit remarkable mechanical properties, particularly in
terms of their uniaxial compressive strength (UCS), Los Angeles abrasion value (LA), and micro-
Deval value (MD). Notably, the average compressive strength values stand at 104 MPa for flint,
35 MPa for phosphate flint, 32 MPa for silexite, 26 MPa for limestone, 11 MPa for indurated
phosphate, and 8 MPa for marly limestone, showcasing the diverse mechanical characteristics of

the rock formations present in the studied area.

The results of the geochemical and environmental assessment of PWR revealed a composition
primarily comprised of calcite, dolomite, apatite, and quartz, with additional minor phases like clay
minerals. Chemically, the PWRs are dominated by the following major oxides: CaO, MgO, SiO;
and P>Os. Trace elements within the samples were categorized into three distinct groups based on
their concentrations: a group including Zn, and Cr with concentrations exceeding 150 ppm, a group
containing Ba, V, Ni, Zr, Y, U, Cu, Cd, and Co with concentrations ranging between 10 to 150
ppm, and a group of trace elements with relatively lower concentrations (< 10 ppm), including Rb,
Pb, As, Mo, Se, Sc, Ga, Nb, Th, Hf, Sb, and Cs. Environmentally, the leachates exhibited a neutral
to alkaline pH range of 6+0.6 to 9.1+0.3 across all samples, indicating a high neutralizing potential
of 38 to 991 kg CaCOa/t. Furthermore, the leaching test results indicated that the release of major
(Ca, Mg, K, Si, Sr, and P) and trace (As, Ba, Cd, Cr, Se, and U) elements remained within
international standard limits such as the United States Environmental Protection Agency (USEPA)

regulations and the universal treatment standard (UTS); this is confirming the non-hazardous nature
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of the PWR. Consequently, the studied PWR is a viable natural raw material suitable for various

civil applications.

The investigation into the potential use of PWR, particularly marly clay and marly limestone
lithologies in road embankments, is a multi-faceted study that combines experimentation, stability
analysis, and economic evaluation. Detailed characterization revealed that the samples are
primarily composed of CaO, SiO, and MgO, with dominant mineral phases including quartz,
calcite, dolomite, apatite, and clay minerals. Environmental assessments categorized the materials
as non-hazardous waste, paving the way for their safe utilization. Geotechnical analysis classified
marly limestone and marly clay as belonging to specific categories, indicating their suitability as
embankment materials. Furthermore, the stability analysis supported this by determining that
embankments up to 10 meters in height using marly clay are feasible with satisfactory safety
factors. For marly limestone, additional support, such as a rock-fill bench, can allow for
embankments of similar height with adequate safety margins. Moreover, an economic evaluation
underscored the cost-effectiveness of using PWR materials within a radius of 28 km from the mine

site, making them a viable alternative to traditional materials for construction projects.

Through the geomechanical, geochemical, mineralogical, and environmental findings, it has been
revealed that PWR holds significant potential for beneficial reuse. The findings suggest that PWR
can be effectively repurposed in sectors like civil engineering, cement industry, road construction,
phosphate recovery, and acid mine drainage neutralization. A structured guideline of the
valorization pathways of PWR was proposed, offering a structured framework for exploring the
potential valorization avenues of PWR. The present project progressed the knowledge of upstream
characterization of phosphate mine waste and set up promising underscores the importance of

sustainable practices and resource optimization in various industrial applications.
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CHAPTER1 INTRODUCTION

Mining activities have been an essential part of human civilization for centuries, providing essential
minerals and resources for industries and communities worldwide. It is one of the most critical
sectors in several countries' economies. In Morocco, this sector is essential in developing the
national economy due to a favorable geological context, thus guaranteeing the diversity and
abundance of mineral resources. Many minerals are exploited including phosphate, silver, gold,
zinc, copper, cobalt, fluorite, and barite. The mining sector contributes 10% to Morocco's gross
domestic product (GDP), with 90% coming from the phosphate industry in 2014 (Mehahad &
Bounar, 2020). In 2019, total production reached 54.81 million tons (Mt), including 35.20 Mt of
raw phosphate, 16.70 Mt of processed products (P2Os and fertilizers), and 2.90 Mt for other mining
products, with a turnover of 61.30 billion dirhams (MMDH) (Ministre de la Transition Energétique
et du Développement Durable, 2021). Morocco has 70% of the world's phosphate reserves, with a
reserve of 50 billion tons (USGS, 2021). It is the second-largest producer of phosphate rock after
China (USGS, 2018). The OCP Group, created in 1920, formerly the Cherifian Phosphate Office,
is responsible for the extraction, processing, valorization, and export of phosphate. Moroccan
phosphates are sedimentary of marine origin and rich in biogenic elements (Boujo, 1976; Moutflih,
2015; Pufahl & Groat, 2017; Wadjinny, 1979). Phosphorus, for the fertilizer industry, is essential
for modern agriculture to feed the world's population (Cissé¢ & Mrabet, 2004). However, this
industry is increasingly facing environmental challenges, including those linked to managing

mining waste.

Mine waste is a byproduct of mining activities, which is generated during the extraction,
beneficiation, and processing of ores and minerals. The geological material below the cut-off grade
that is produced during mining operations is known as mine waste (Scoble et al., 2003). The type
of generated waste depends on the mineral being extracted, the extraction method used, and the
processing techniques employed. There are several types of mine waste, including tailings, waste
rock, contaminated mine water, and sludge (Bian et al., 2010; Ledin & Pedersen, 1996). Tailings
are the finely ground rock particles that are produced during mineral processing at the treatment
plant. These tailings can contain harmful chemicals, which can contaminate surrounding water
sources. Sludge is a byproduct of various mining processes. It is a semi-solid slurry composed of

water, minerals, and residual chemicals. Sludge can be challenging to manage due to its high



moisture content and potential for containing toxic substances. Waste rock can be generated from
various types of mining operations, including underground and open-pit mining, and can range in
size from small stones to large blocks (Skierszkan et al., 2016). This rock can contain metals, which

can leach into the surrounding soil and water.

The environmental impact of mine waste can be significant, causing soil and water pollution,
habitat destruction, and health problems for humans and wildlife (Ukaogo et al., 2020). Therefore,
it is crucial to manage and dispose of mine waste properly and implement measures to prevent
contamination of the environment. On the other hand, mining activities have also provided
economic benefits such as job creation and revenue generation for local communities. Therefore,
managing mine waste is an environmental, social, and economic emergency within large
companies today. It allows for preserving natural resources and liberating spaces dedicated to
storing waste products. The valorization of industrial waste is an international challenge with

economic and environmental interests.

The phosphate industry in Morocco generates significant quantities of waste (waste rock, sludge,
and tailings). These mine wastes are generally stored on the surface in the form of waste rock piles
or dumps for rocks or in the form of dams for sludge. In our case, we are interested in the mine
waste rock. After open-air stripping operations, large quantities of waste rock are generated to
access the phosphate layers. These phosphate waste rocks (PWR) are stored in piles on the surface

and around the mines.

The management of waste rock is essential to minimize its impact on the environment. Proper
management of waste rock includes measures such as engineering controls, monitoring, and
remediation of altered areas. To mitigate the potential environmental risks associated with mine
waste, mining companies must develop and implement effective waste management strategies,
such as backfilling, reclamation, and proper storage and containment, to minimize the amount of
waste rock and to prevent the release of harmful contaminants into the environment (Adiansyah et

al., 2015; Krishna et al., 2020).

The main waste rock practices inside mining sites involve two key methods: cemented mine
backfill and the construction of roads and dikes (Hakkou et al., 2016). These practices are
implemented to effectively manage and handle the waste rock generated during mining operations.

However, when it comes to the reuse of waste rock outside of mining sites, the opportunities remain



limited, as highlighted by Hakkou et al. (2016). It is worth noting that certain types of mine waste
possess characteristics that make them suitable for various applications, such as civil engineering
or ceramic manufacturing (Amrani et al., 2019; Bayoussef et al., 2021b; Hakkou et al., 2016; Segui
etal., 2023; Taha et al., 2021). In particular, PWR holds potential as a secondary or alternative raw
material, capable of supplying other industries like the civil engineering sector (Taha et al., 2021).
By promoting the reuse of PWR in different industries, we can reduce waste generation, conserve
natural resources, and foster sustainable practices. Previous studies have made significant strides
in suggesting valorizing or reusing PWR as a secondary raw material. This proposal not only aims
to conserve natural resources in the construction sector but also aims to reduce the environmental
impact resulting from the disposal of such waste rock on the surface. While these studies have laid
the groundwork for such initiatives, it is crucial to note that they have primarily focused on mixed

waste rock.

In this research project, the focus shifts towards studying PWR upstream of the mining chain to
characterize each PWR rock lithology separately. This targeted approach allows for a more
nuanced understanding of the waste rock's composition, properties, and potential for reuse or
valorization. By examining the waste rock from different lithologies individually, we can gain
valuable insights into the specific challenges and opportunities associated with each type of waste
rock. The specific objectives of this thesis are 1) understanding the geological and geomechanical
properties of PWR because of their potential civil applications, ii) assessing the geochemistry and
environmental behavior of PWR, and iii) an integrated approach to sustainable utilization of PWR
in road embankments. Three hypotheses were drawn in the thesis: 1) upstream geomineralurgical
characterization allows exploring opportunities for PWR valorization, ii) conducted a
comprehensive upstream geo-environmental assessment of PWR allows for the identification of
potential hazards and exploration opportunities for resource recovery, and iii) proposing guidelines
for the valorization of PWR will successfully convert it from a previously discarded by-product
into a valuable resource, contributing to sustainable waste management and resource efficiency.
This research project holds great promise in contributing to sustainable practices within the mining

industry and paving the way for more efficient utilization of PWR.

This thesis is presented in articles and is structured into eight chapters. This structure aims to
provide a comprehensive overview of the research topic and present the findings in a logical and

organized manner. The first two chapters, the introduction, and the literature review, set the stage



for the research by providing background information, outlining the research problem, and
reviewing relevant literature. These chapters help the reader understand the context and
significance of the research. The literature review chapter is structured into five sections. The first
section provides a comprehensive overview of scientific knowledge and advances in the
distribution, description, and characterization of phosphate deposits worldwide and in Morocco.
The second section presents the study site (Benguerir mine, Morocco), its geographical, geological,
stratigraphic, mining context, and mining methods. The third section describes the sedimentary
rocks' petrographic, mineralogical, geochemical, and geomechanical properties. The fourth section

focuses on the state-of-the-art of valorization pathways for PWR.

Chapter 3 presents the global methodology adopted in this thesis work, providing a comprehensive
overview of the research process. Additionally, the raw materials, as well as the characterization
techniques employed in this project, are explained, highlighting the tools and methods utilized to

analyze and evaluate the materials under investigation.

The body of the thesis consists of three scientific articles, each corresponding to a specific chapter.
This format allows for a more focused and in-depth analysis of the research findings. Each article
presents the various results and scientific advances in the research field. Chapter 4 discusses the
potential valorization of PWR. The study analyzes the geological and geomechanical properties of
different PWR lithologies, including carbonate, siliceous, marly-clay, and phosphate, in view of
their potential applications. The purpose of Chapter 5 is to evaluate the environmental behavior of
PWR upstream of the extraction chain. To do this, various core drilling specimens and data from
various lithologies and depths were collected to forecast the environmental profile and establish
the mobility of the investigated chemical species. These samples were used for static leaching tests:
toxicity characteristic leaching procedure (TCLP) and synthetic precipitation leaching procedure
(SPLP), semi-dynamic test: monolithic leaching test (MLT), and chemical and mineralogical
investigations. Finally, Chapter 6 assesses the possibilities for using specific lithologies (Marly
limestone and Marly clayey) that were collected upstream of the mining chain as an alternative
material for road embankment. The investigation has comprised evaluating their geotechnical and
physical characteristics. The study also investigated the environmental effects of employing these

materials, including the possibility of leaching, as well as chemical and mineralogical analysis.



The last two chapters of the thesis are dedicated to discussion, general conclusions, research

recommendations, and prospects.
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CHAPTER 2 LITERATURE REVIEW

Phosphate generally refers to rock, mineral, or salt containing a sufficient concentration of
phosphate minerals (phosphorus) (Jacob et al., 1990). Phosphate can be used directly or after
enrichment to manufacture phosphate products (e.g., fertilizers and chemical products). There are
three types of phosphate deposits in the world: sedimentary origin, igneous origin, and Guanos
type deposits (Slansky, 1980). Among these, deposits of sedimentary origin hold the utmost
importance due to their abundance and high P,Os content, which often exceeds 28% (Slansky,
1980). These sedimentary deposits have been recognized as a reliable and substantial source of

phosphate for various industrial applications.

2.1 Phosphate deposits in the world

Phosphate deposits are widely distributed across the globe's continents and the stratigraphic scale
(Mouflih, 2015). The largest phosphate deposits are located in the South Tethyan phosphogenic
province, which extends from North Africa to the Middle East over approximately 5500 km (EIl
Bamiki, 2020a). These deposits represent more than 85% of the world's phosphate reserves
(Jasinski, 2020). The oldest phosphate deposits in the stratigraphic scale are the Precambrian
phosphates (Joosu et al., 2015). The spatial distribution and their abundance are summarized in

Figure 2-1.

Currently, the regions with active phosphogenesis are located on the accidental borders of the
continents, at tropical and subtropical latitudes, in the trade wind zone with generally desert to
semi-arid climates: California, Peru, Chile, South-West Africa, Moroccan Sahara, Western

Australia (Mouflih, 2015).

According to the United States Geological Survey (USGS, 2018), Morocco has 70% of the world's
reserves. The OCP Group is responsible for its extraction, transformation, valorization, and export.
Indeed, world reserves of phosphates are estimated at 70 billion tons, and it turns out that 50 billion

tons are concentrated in Morocco, followed by 3.3 billion tons in China.
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1.1

Figure 2-1: Situation of the main phosphate deposits in the world (reserves in billion tons)

(USGS, 2018)

2.2 Phosphogenesis in sedimentary environment

Phosphogenesis is the set of physicochemical and/or biological processes leading to the formation
of phosphate deposits. Phosphate formation is a multi-phase phenomenon transforming dissolved
phosphorus molecules in seawater into phosphate accumulation (El Bamiki, 2020a).
Phosphogenesis in sedimentary environments depends on several processes, particularly a
sufficient source of phosphorus, favorable conditions for the formation of apatite in sediments, and
favorable conditions to the concentration and accumulation of phosphate minerals (El Haddi,
2014). The possible sources of phosphorus can be subdivided into two: sources linked to the theory

of direct supply from the continent and the other with supply from oceanic inputs (El Haddi, 2014).

Direct supply from the continent is explained by continental weathering, which releases
phosphorus transported by rivers to the seas (Keyser & Cook, 1972; Peaver, 1966). An example is
the Volga River in Russia, which discharges each year into the Caspian Sea 6000 tons of
phosphorus in the form of phosphate mineral in solution and twice as much phosphorus in organic
form (Slansky, 1980). The accumulation of such a contribution can give rise to a phosphate deposit

in a few million years (Mouflih, 2015).

Supply from oceanic inputs is envisaged by a mechanism of supply of phosphate sedimentation

from deep reserves (Mouflih, 2015); the average content of phosphate in solution in the oceans is



from 0.072 £0.003 ppm (Armstrong, 1965). This content increases proportionally with depth up to
1000 m (Gulbrandsen, 1969 and Roberson, 1966 cited in El Haddi, 2014). This mechanism was
first proposed by Kazakov (1937); its role is played essentially by ascending currents or
“upwelling,” the latter bringing up cold waters from the depths rich in dissolved phosphate towards
the platforms (Mouflih, 2015). Several genetic models have been developed to explain the genesis
of phosphates; the best known is the Kazakov (1937) model, which is a model of sedimentary
environments in direct contact with the open sea and allows the spreading of ascending currents
“upwellings”. The scientific community adopted this model, but there was discussion and criticism

regarding the mechanism of direct precipitation from seawater (El Bamiki, 2020a).

Upwellings ensure the redistribution of phosphorus from deep waters to surface waters in the
phosphogenic zone (Pufahl & Groat, 2017). Biological productivity is manifested by
phytoplankton and zooplankton, which can reduce the concentration of phosphorus and trigger the
massive death of organisms and the settling of organic matter to which phosphorus is coupled (EI

Bamiki, 2020a).
2.3 Phosphate deposits in North Africa

2.3.1 Overview of Maghreb phosphate deposits

The Maghreb phosphate deposits (Northern Africa) were deposited during the Upper Cretaceous
and the Eocene. They are natural deposits of sedimentary type linked to mountain ranges in Tunisia,
Algeria, Sub-Saharan Africa, and Morocco (Zargouni, 1985). The Maghreb phosphate series is part
of the South Tethyan phosphogenic province which ranges from the Middle East to northwest
Africa (Notholt, 1985). The main Maghreb phosphate basins are in Tunisia, Algeria, and Morocco.

Tunisian phosphate deposits occupy the tenth position globally for phosphate production, with a
capacity of 4.1 million tons in 2019 (USGS, 2021). The phosphate deposits in Tunisia are located
in three Eocene basins: the Sra Ouertane Basin in the North, the Maknassy Basin in the East, and
the Gafsa Basin in the South (Ettoumi, 2020). Currently, more than 90% of the phosphate rock
produced in Tunisia is extracted from the Gafsa basin in the South (Abbes et al., 2020). In this
basin, five production centers are active (Internal CPG report, cited in Ettoumi, 2020): Métlaoui

Kef Schfaier, Métlaoui Kef Eddour, Moulares, Redeyef and M'Dhilla. The phosphates of the Gafsa
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basin are essentially composed of cryptocrystalline phosphate minerals the most frequently

encountered mineral is fluorapatite carbonate, also called francolite (Ettoumi, 2020).

Algeria's phosphate deposits are concentrated in the Djebel Onk district, part of the Tebessa region
in northeastern Algeria on the border with Tunisia (Merchichi et al., 2021). It’s has significant
phosphate reserves estimated at 2.2 billion tons, ranked third in the world (USGS, 2018). The
Djebel Onk district includes several deposits: Kef Es-Sennoun, Djemi Djema, North of Djbel Onk,
Oued Betita, and Bled El Hadba (Merchichi et al., 2021). This district appears as a series of highly
asymmetrical anticlines and synclines (Dassamiour, 2012) plunging 10° to 15° towards the south
(Merchichi et al., 2021). The lithological composition of the Djebel Onk region comprises a
succession of sedimentary layers around 500 m in thickness, deposited during the Upper
Cretaceous (Maestrichtian) to Middle Eocene (Lutetian) (Kechiched et al., 2018). The phosphate
series is covered by a continental sandy-clay series dating from the Miocene and Quaternary
(Dassamiour, 2012). The average P,Os content ranges from 25 to 27.9% (53.8 to 65.4% BPL (Bone
Phosphate Lime)) (Bezzi et al., 2012; Merchichi et al., 2021).

2.3.2 Moroccan phosphate deposits

Morocco is renowned for its vast sedimentary phosphate deposits, making it the global leader in
this valuable resource. With approximately 37 billion tons produced in 2020, Morocco is the
second-largest phosphate producer worldwide (USGS, 2021). The phosphate found in Moroccan
basins is primarily of the sedimentary type, formed during a geological period spanning from the
terminal Cretaceous (Maastrichtian) to the middle Eocene (Lutetian) (Boujo, 1976). These basins
are home to the most prominent phosphate deposits in the country, including the Ouled Abdoun,
Gantour, Meskala, and Oued Eddahab basins (Figure 2-2). Each basin holds its unique
characteristics in terms of surface area and phosphate content, contributing to the diversity of
phosphate resources in Morocco. The abundance of sedimentary phosphate in Morocco has not
only positioned the country as a global leader in production, but it has also made phosphate mining

a significant sector in its economy, driving growth and development.

The Ouled Abdoun basin is the most important in Morocco in terms of phosphate reserves and
content (Salvan, 1986 cited by El Bamiki, 2020a). The basin occupies an area of around 10,000
km?. It is located 120 km southeast of the city of Casablanca, bordered to the north by the Massif

Central and to the west by the Paleozoic Rehamna massif. The Ouled Abdoun basin corresponds
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to a stable platform (El1 Haddi, 2014), and is recognized by the Khouribga site, which includes four
extraction sites (Sidi Daoui, Merah Lahrach, Sidi Chennane and Beni Amir). Phosphates from

Ouled Abdoun present various qualities, with high P>Os contents of up to 80% in BPL.

The Meskala basin is located approximately 150 km south of Youssoufia, at the foot of the Atlas
and 70 km southwest of the Western Jebilet. It includes 3 zones: Meskala, Chichaoua and Imi-
n'Tanout zones. The phosphate series of the Meskala basin is very similar to the Gantour basin (EI
Haddi, 2014), the whole phosphate series is 110 to 140 m in thickness (Mouflih, 2015) and occurs
in the form of synclinal troughs (El Bamiki, 2020a).

The Oued Eddahab basin is located in the Saharan provinces of Morocco, 100 km southeast of the
city of Ladyoune. It is part of the Meso-Cenozoic basins which constitute the Atlantic edge of North
Africa (El Bamiki, 2020a). It is between the Precambrian and the Paleozoic of the Rguibat ridge
and the Atlantic Ocean (Mouflih, 2015). The phosphate series of the basin contains two layers rich
in friable phosphate, often coprolitic, these layers are intercalated with non-phosphate layers of

variable lithologies (El Bamiki, 2020a).

The Gantour basin extends over an area of around 1000 km?, between the Rehamna massif to the
north and the Jbilet massif to the south. The basin contains two mining sites: Youssoufia and
Benguérir. The Gantour basin is part of the Western Meseta (Michard, 1976), essentially formed
by phosphate layers of Meso-Cenozoic age. The stratigraphic series begins in the Maastrichtian

and ends in the Lutetian (Boujo, 1976; Wadjinny, 1979).

The study area of this research project is part of the Gantour Basin (Benguerir mine), and the
following section presents in detail the location, geology, stratigraphy, and mining framework of

this mine, in addition to the composition and management of PWR.
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1- Bassin des Ouled Abdoun
'2- Bassin des Ganntour

3- Bassin des Meskala

4- Bassin des Oued Eddahab

Figure 2-2: Phosphate basins of Morocco (El Haddi, 2014; Moody, 2002)
2.4 Benguerir mining site

2.4.1 Geographic and geological context

The Benguerir mining site is one of the parcels of the Gantour Basin, located 70 km north of
Marrakech and 17 km east of Benguerir, at altitudes ranging from 396 to 596 m. It lies in the
Western Meseta and is bounded by two well-defined Paleozoic massifs: the Rehamna massif to the

north and the Jbilet massif to the south (Figure 2-3A-B).

The Benguerir deposit is sedimentary and contains several phosphate layers. In this deposit, the

phosphate series are composed of phosphate and waste layers (overburden and interburdens). This
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deposit is characterized by weak structures in the form of flexures and low-rejection faults affecting

the phosphate series (Boujo, 1976).

Stratigraphically, the phosphate series extends from the Maastrichtian to the Lutetian (Boujo,
1976), resting in angular discordance on Paleozoic rocks (mica schists and granites) (Mouflih,
2015). The phosphate series is made up of alternating layers of soft to indurated phosphate and
waste layers called interburdens, which are of varied lithological nature (e.g., clay minerals, marl,
limestone, and flint). The whole is covered by a carbonate slab known as the “Thersites slab”,
topped by Quaternary alluvium (Boujo, 1976). The litho-stratigraphic section of the Benguerir
mine and its characteristics are presented in Figure 2-3C and Table 2-1.
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Figure 2-3: Location and stratigraphy of the study area: (A) General location of the Gantour basin
study area in North Africa (Google Earth), (B) Simplified geological map of the Gantour basin
(based on the 1:1,000,000 geological map of Morocco), (C) litho-stratigraphic section of the
Benguerir mine (OCP Group).



Table 2-1: Characteristics of the Benguerir phosphate series (OCP)

Stage Layers Thickness (m) | BPL (%) State
8 Topsoil 0.4
o} o 9
3 S Thersites slab 1.8 S
= =
= SD 0.6 5
= Interburden 1.5 S
= @)
g SC 0.8 <
= Interburden 2.9
>~ SB 0.9 66.4 Extracted
Interburden AB/SB 1.6
AB 0.8
Not extracted
Interburden SA/AB 1.9
'g Al 2.1
2 = A2 3.4 57.8 Extracted
=
= A3 1.7
Not extracted
Interburden CO/SA 10
g Co 0.8 61.2
g C1/CO 0.3 Extracted
a Cl 1.5 65.9
Interburden C2/C1 3 Not extracted
2 C2 sup 1.7 64.8 Extracted
C2 inf 2.2 Not extracted
Interburden C3/C2 2.5 Not extracted
C3 su 0.9 50.0
g 3 P Extracted
p= Couche 3 inf 0.7 67.8
Q
£ Interburden C4/C3 1.2 Not extracted
<
S C4 1.44 63.8 Extracted
Interburden C5/C4 4.6 Not extracted
C5 2.7 59.6 Extracted
Interburden C6/C5 3.4 Not extracted
C6 0.6 66.3 Extracted

14
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2.4.2 Benguerir mining context

The Benguerir mine started phosphate production in 1980, with a capacity of 3.7 million dry and
commercial tons (MDCT) and reserves of 440 MDCT. Phosphates are produced in various grades:
very low content (VLC) at 55% in BPL, low content (LC) at 58-60% in BPL, and medium content
(MC) at 65% in BPL. The deposit comprises two zones: Benguerir Nord and Benguerir Sud,
separated by regional road 206 linking the cities of Benguérir and Elkalaa des Sraghnas. The
Benguerir mine is divided into panels: a piece of land or a portion of the deposit, limited according
to factors such as the number of existing phosphate layers, recovery, and phosphate quality. Each
panel is cut into trenches with an average width of 40 m. The trenches are subdivided into 100 m

long blocks.

The Benguerir mine is an open pit mining operation, involving a series of mining operations to
extract the phosphate rock. Operations are carried out using the strip-mining method, with trenches
40 m wide, and then cutting the trenches into 40 m x 100 m blocks (Idrissi et al., 2021). There are
two mining techniques: the selective technique, which consists of extracting the phosphate layers
and interlayers separately, and the overall technique, which consists in extracting the phosphate
layers and interlayers as a group. In this method, drilling and blasting involve the entire phosphate

layer. Both techniques have their advantages and disadvantages, as shown in Table 2-2.

Table 2-2: Selective and global techniques advantages and disadvantages

Technique Advantages Disadvantages

Increasing the number of operations
Difficulties of organization

Selective Preserving the grades of rich layers Low rate of equipment utilization
Low equipment efficiency
Increased costs

Improving the productivity o '
‘ ‘ ‘ Mixing waste rock with phosphate
Overall Improving equipment efficiency

during blasting
Reducing the operation number
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The mining operations of the Benguerir mine include drilling, blasting, stripping, loading and

transport. Figure 2-4 summarizes the extraction stages at the Benguerir mine.

Phosphate waste rock piles

Drilling and Blasting /——» I I. I I.

Overburden removal
(Stripping)

Phosphate extraction
{charging and transport)

= KWy 3 \Jestoning station
s - rock piles
’ etinn,: > 90 mm Sy,
Phosphate stock %

Crusher

Destoning phosphate waste

Screening phosphate waste

Screening station

< 90 mm
Beneficiation < 30 mm

Phosphate transportation

Phosphate stock

Figure 2-4: The mining operations at the Benguerir mine

Drilling involves the creation of vertical or inclined holes that span from the earth's surface to the
valuable layers deep within. The drilling technique used is roto-percussion. The key factors that
define drilling are the diameter and mesh of the holes. The mesh plays a crucial role in designing
a drilling plan by considering the explosive charges for each hole. However, due to the diverse
nature of the land, determining the optimal (load; mesh) combination required for effective
fragmentation becomes challenging. This determination is achieved through a series of rigorous

tests that account for factors such as rock hardness, explosive power, and the desired particle size.

Blasting is the operation aimed at fragmenting the ground, filling the holes drilled by the explosive
(fuel nitrate), considering a firing pattern and a suitable loading mode. It essentially produces a
particle size adapted to both the stripping machine, the loading machine, and the destoning station.

After blasting comes the stripping step, which is the operation that consists of removing the waste
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rock (overburden or interburden) to extract the phosphate layer. The main methods of stripping are
pushing by Bulls D11, casement by dragline, and transport. This waste rock can be discharged into
the previous trench already exploited or transported to a stock area. The selection of stripping
techniques and machinery is contingent upon the geomorphological characteristics of the deposit.
Once the waste rock is removed, the next step is to load and transport the phosphate from the
construction site to the destoning and screening stations. This can be considered the final phase of

operation.

Phosphate trucks discharge into two hoppers supplying two 90 x 90 mm stone crushers. Waste rock
over 90 mm in size is evacuated to the destoning PWR after being crushed. The de-stoned
phosphate is conveyed to a stockpile. It is then transported via conveyor links to the screening
station (equipped with five 30 x 30 mm mesh screens). The waste rock is conveyed to the screening
PWR piles, where it is re-screened. The screened product is conveyed to stockpiles for
homogenization and the manufacture of phosphate qualities. Four qualities of phosphate are
produced by the Benguerir mine: medium grade for the calcination plant, very low grade for the

washing plant, standard low grade, and special low grade.

2.4.3 Phosphate waste rock composition and management

The estimated mass of waste rock stored in piles is 12.3 Mt (OCP Group, 2022). The origins and
composition of this waste rock have been studied extensively in recent years to better understand
its potential environmental impact and its potential applications. According to previous work
(Idrissi et al. (2021); Safhi et al. (2022) and field missions carried out, the waste rock layers at the
Benguerir mine are mainly composed of carbonate (limestone, dolomite), flint, clays, marl. Figure

2-5 shows pictures of some waste rock levels.
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Figure 2-5: Some waste rock interburdens: A) Siliceous marl, B) Yellow marl-clay, C)

Alternating flint and siliceous marl, D) Limestone

Carbonate rocks are the most abundant rocks in Benguerir mine. They are divided into limestones
and dolomites, with the presence of other lithologies depending on the percentage of calcite and
dolomite (Figure 2-6) (Prothero & Schwab, 2013). The origin of constituents of carbonate rocks

are mostly marine, and mainly from biological and biochemical processes (Deconinck et al., 2016).

Limestone
Dolomitic
Limestone
Calcitic
Dolomite
Dolomite

Calcite
caco, 100 90 50 100
[ I | 1 |
Dolomite
0 10 90 100
CaMg(CO,),

%MgO 0 2.18 10.57 19.5621.75

Figure 2-6: Chemical classification of carbonate rocks based on percentages of calcite and

dolomite (Carozzi, 1953).
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Carbonate rocks have a bimodal particle size distribution: on the one hand they contain
allochemical grains (allochems) of relatively large size such as fossils, intraclasts, oolites and
peloids, on the other hand a binder (micrite), which corresponds either to a matrix of primary origin
or a cement of secondary origin (Deconinck et al., 2016) and sparite (well crystallized calcite or
dolomite). Carbonate rocks can be classified based on their texture and composition (Deconinck et
al., 2016). Two descriptive classifications, the most used, were proposed by 1) Folk (1959; 1962)
based on the presence of grains (allochems) and the presence of micritic matrix or sparite-type
calcitic cement (Deconinck et al., 2016), and i1) Dunham (1962) based essentially on the texture of

the rock and the type of connection between the grains, completed by Embry and Klovan (1971).

Clay rocks include all siliciclastic sedimentary rocks whose grains are essentially clayey size (<
1/256 mm) or silty size (between 1/16 mm and 1/256 mm) (Prothero & Schwab, 2013). Siliciclastic
sediments designate the mineralogical nature of the sediments, which are dominated by silicates
for the coarse fractions of the sediments and clay minerals (phyllosilicates) for the fine fractions.
Among the best-known clay minerals found in phosphate mining waste, we distinguish kaolinite
(ALSi205(0OH)4), illite ((K,H30)(Al,Mg,Fe)2(Si,Al)4010[(OH)2,(H20)]), and smectite (Xo3Yo-
3Z4010(OH)2 nH20, where X represents an interfoliar cation (alkali or alkaline earth element), Y
an octahedral cationa, Z a tetrahedral cationa). The marl rocks found in large quantities in PWR
are clayey rocks which contain limestone (Tucker, 2001). They are soft, finely porous, friable when
dry and plastic when wet. But they are different from clays because they effervesce with acids

because of the presence of limestone.

Siliceous rocks are sedimentary rocks consisting mainly of silicon dioxide SiO; (silica). It appears
in an amorphous form or in different crystalline forms. The characteristics of detrital siliceous rocks
are the same as biochemical and chemical siliceous rocks, they have a hardness of order 7, with
conchoidal breakage in the shape of a shell, unattackable by acids except hydrofluoric acid (EI
Haddi, 2014). According to previous geological and petrographic studies carried out on the
Benguérir phosphate basin, the siliceous rocks present are of the flint family (Boujo, 1976; El

Haddi, 2014; Mouflih, 2015); they included:

e Flint: siliceous rocks, formed of silica (chalcedony, quartz, some opal) of biochemical

origin, precipitating at the beginning of diagenesis in the sediment, which is still soft (EI
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Haddi, 2014). They come in various colors: light yellow, brown to black. They can be found
in continuous beds or in the form of disseminated flint knobs in the chalk.
e Phosphate flint: siliceous rocks characterized by the presence of coprolites, these phosphate
flints have various names such as coprolite pudding or phosphate gravel (El Haddi, 2014).
o Silexite: siliceous sedimentary rock with very fine grains, it is generally siliceous marl.
These flints are the result of the phenomenon of silicification which affects carbonates and

phosphates in general (El Haddi, 2014).

Phosphate mining is carried out using the open-pit method. This method generates large quantities
of waste rock, which is deposited in rock piles in the proximity of the mines. To manage the waste
rock, heavy machinery such as bulldozers or draglines are employed to push the rock towards
previously mined trenches, denoted as (n-1). By doing so, the waste rock is stacked on top of each
other, forming large piles that can extend for hundreds of meters. However, these waste rock piles
exhibit certain characteristics that pose challenges. Firstly, their grading is heterogeneous, meaning
that the size and composition of the waste rock particles can vary significantly. Additionally, the
high void index of the piles implies that there are numerous empty spaces or gaps within the rock
pile. The accumulation of waste rocks in these piles can lead to various issues. Firstly, from an
aesthetic perspective, the waste rock piles can be a source of landscape nuisance. The sight of these
vast piles of discarded material can disrupt the visual appeal of the surrounding environment.
Moreover, the accumulation of by-products in these rock piles can exacerbate the problem. These
by-products, which may include hazardous materials, can potentially cause storage problems. The
presence of such substances may require proper management and disposal to prevent any negative

impacts on the environment.

The way in which waste rock is deposited in piles generates segregation of fine and coarse
materials. This process presents significant challenges due to the heterogeneity of the waste rock,
with geotechnical and chemical instability, depending on the mineralogy and chemistry of the
materials, being the primary concerns (Aubertin et al., 2002). Various factors contribute to the
physical instability of these piles, including geometric configuration, material properties, site
topography, construction method, and climatic and hydrological conditions. When analyzing the
geotechnical stability of such structures, it is essential to consider all these factors to select an

appropriate design and assess the potential risks associated with the liquefaction of materials
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caused by pore pressures (Aubertin et al., 2002). On the other hand, when it comes to chemical
stability, the risk of surface and groundwater contamination in phosphate mining is generally low

due to the high carbonate content found in waste rock (Bossé et al., 2013; Hakkou et al., 2009).

2.5 Review of valorization pathways for phosphate waste rock

The valorization of mine waste is an international challenge with economic and environmental
benefits. It preserves natural resources and releases areas dedicated to waste rock storage. Today,
the management of industrial waste is an environmental, social, and economic emergency for
companies. Phosphate mine waste rock is a by-product of the phosphate mining industry. Indeed,
the potential reuse of phosphate mining by-products has been studied over the last 10 years
(Hakkou et al., 2016), to minimize the intense generation of waste rock from phosphate extraction
and improve environmental management practices. In this state-of-the-art review, we will address
this issue by providing an overview of existing pathways for the valorization of mine waste rock,
examining how it can be reused and utilized in various applications. In addition, we explore the
Moroccan legislative framework. By examining these supporting points, we aim to highlight
potential solutions and advances in this field, thereby contributing to a more sustainable and

efficient approach to waste rock management in the phosphate mining industry.

2.5.1 Moroccan legislation on mine waste valorization

In 2015, Morocco adopted a new mining code (Law: 33-13) that repeals the old mining code dating
from 1951. According to the former Minister of Energy and Mines, Mr. Abdelkader Amara, this is
a change that “was necessary both to meet national and international needs and also out of the need
to rehabilitate the mining sector in order to allow it to amply enjoy its place in the national economy
and contribute to its development” (Amara, 2014). The new Moroccan mining code (Law 33-13)
presents changes in different provisions. In our case, we are interested in authorizing the
exploitation of waste dumps (piles). This title promulgates the institution of the authorization for
the exploitation of waste dumps to enrich or benefit from the rejected materials from mining
operations (MEMEE, 2015). This authorization is granted after agreement from the owner of the
land concerned and serves to establish the following: 1) the perimeter of the land; ii) Its surface
area, which must not exceed 1 km?; and iii) its duration of validity, which must be at most five
years. However, the authorization is renewable only once for the same duration. The waste dumps

are authorized only to a legal entity under Moroccan law or to a mining cooperative (MEMEE,
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2015). Only holders of an exploitation license who exploit the waste piles resulting from their
mining activity are exempt from obtaining authorization for waste piles. To date, no regulations or

laws exist in Morocco regarding the use of mining by-products in other sectors.

However, in Canada (Quebec), the Quebec Ministry of the Environment has authorized specific
uses of mine by-products, relying in particular on the guide for the reclamation of non-hazardous
materials to classify the materials (Ministére de I’Environnement, 2002). This guide is an initial
version of the guidelines for evaluating projects for reclamation of non-hazardous inorganic waste

from industrial sources as a construction material (Ministére de I’Environnement, 2002).

2.5.2 Valorization pathways for PWR

This section aims to examine PWR, its possible pathways of valorization, and its uses in civil
applications. Phosphate mining is a significant industry worldwide, but it generates a considerable
amount of waste rock that can have detrimental environmental impacts. Morocco is one of the
world's largest producers of phosphate rock, which is a crucial component in the production of
fertilizers. However, this has led to a significant amount of PWR being generated in the process.
The origins and composition of this waste rock have been studied extensively in recent years to
better understand its potential environmental impact and its potential applications Table 2-3.
According to Idrissi et al. (2021), the PWR in Morocco is primarily composed of fluorapatite,
which is the same mineral that is mined for phosphate. This means that the waste rock contains a
significant amount of phosphate, which can potentially be valorized or recovered (Amar et al.,
2022; Safthi et al., 2022). Additionally, the waste rock contains various other minerals, including
quartz, dolomite, calcite, and mineral clays (Idrissi et al., 2021). It is important to understand the
composition of the waste rock in order to develop effective strategies for managing and mitigating

its environmental impact.



Table 2-3: The aspect and texture, mineralogical and chemical composition of PWR
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Modal mineralogy (w.t %)

Chemical composition (w.t %)

Lithology ~ Aspectand texture .o Calcite Dolomite Quartz C2  P,0s  CaO  MgO  Si0:  ALO: References
minerals
. . (Amar et al.,
Indurated  Consolidated grains 40 o7 1543 330 7.9 - 18223 42453 135 14816 033-0.66  2023; Safhi et
Phosphate  with greyish color
al., 2022)
Phosphate Sr}ilarsp rir;i?vzu;irég (Amar et al,,
P ’ o 39-58 6-10 2-4 21-48 - 18.5-25  33-35 0.4-0.63 33.9-35 0.44 2023; Sathi et
flint dense with light
al., 2022)
black color
(Amar et al.,
Sharp angle and 2023; El Machi
Flintstone dense with brownto 1.2 1.8 2 95 - 1.85 1.55 0.43 93.6 0.28 etal., 2021a;
light black color Safhi et al.,
2022)
Light material and (Amar et al.,
Silexite massive with move - - 38 62 - 0.7 4.54 3.70 80.1 1.03 2023; Safhi et
purplish color al., 2022)
Massive and dense ) 0(21(%3@8:.1:(?‘:); et
Limestone with a whitish-beige - - - - - 12-0.98 42-28.4 4.32-23 7.84-12 0.37-0.93 i .
color al., 2013; Sathi
et al., 2022)
o, Massive and very .
Dolomitic dense with a - 35 52 8 - 0.9-14 2836  11-23 4678 037 (Idrissi et al.,
limestone .. . 2021)
whitish-beige color
Compeact, light, and
Marls / Clays Stcky on the tongue 5 ; 52.5 12 36.4  0.42-1.88 7.23-17 452-12  30-74  1.49-7 (Mabrz‘zgg)et al,

with a whitish-beige
color
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According to the literature, the PWR can be used in a variety of applications in different
sectors (Figure 2-7) (Chlahbi et al., 2023; Hakkou et al., 2016; Sathi et al., 2022; Taha et
al., 2021). The valorization of PWR can provide economic and environmental benefits by
reducing waste disposal costs, creating new revenue streams, and improving land
restoration efforts. Hakkou et al. (2016) and Safhi et al. (2022) suggested that the
valorization of PWR can be achieved through various approaches, such as the use of waste
rock in civil engineering applications, ceramics, cement industries, soil amendment, and
fertilizer. The use of PWR as a construction material has been demonstrated in many
studies and can be used in road construction, embankment, and other civil engineering
applications (Amrani et al., 2019; Taha et al., 2021). Additionally, the use of PWR as
fertilizer can reduce the reliance on chemical fertilizers (EFMA, 2000), thereby reducing
the environmental impacts of agriculture. Moreover, the use of PWR as soil amendment
can improve soil properties and increase crop productivity (Hakkou et al., 2016; Vassilev
& Vassileva, 2003). However, careful consideration must be given to the potential
environmental impact of these uses.

o o

Cement + Recovery of phosphate
Recovery of trace elements
Recovery pf REE

Top soil &
waste piles]

Overburden &
Interburden

Road construction s  Ceramics products +«  Soil amendment
Aggregates * Bioceramics * Fertilizer
Concrete . Fired bricks *  Neutralizer

Storage covering

Figure 2-7 : Valorization pathways for PWR (REE: rare earth elements).
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2.5.3 Valorization of PWR in civil engineering

Civil engineering includes all civil construction techniques (road construction, concrete,
aggregates, etc.). The field of road construction is a large consumer of raw materials
(aggregates), and various actors in this sector must face the increasing demand for the raw
materials used in road infrastructures. Civil engineering has played a vital role in
developing safe and efficient waste rock disposal methods. One common technique is to
use waste rock as construction material in civil engineering projects such as road
embankments, retaining walls, and dams (Ahmed & Abouzeid, 2009; Amrani et al., 2020;
Amrani et al., 2019; Segui et al., 2023). The use of waste rock as a construction material
not only helps in managing waste rock but also reduces the cost of construction materials.
Hakkou et al. (2016) suggested that the use of waste rock as a construction material is
sustainable and can contribute to reducing the environmental impact of mining activities.
However, the use of waste rock in civil engineering projects requires proper
characterization to ensure that the material is suitable for construction purposes. The
characterization includes evaluating the physical, mechanical, and chemical properties of
the waste rock. In addition, the potential environmental impacts of using mine waste rock
as construction material must be assessed to ensure that the material does not pose any risks
to human health and the environment. Overall, the use of waste rock as a construction
material in civil engineering projects can provide an effective waste management solution
and contribute to sustainable development. The pavement structure consists of a series of
materials of varying thickness, organized into one or more distinct layers, each fulfilling a
specific function. Its function is to 1) resist the mechanical actions of vehicles for as long
as possible, ii) attenuate the loads reaching the adjacent layers, and iii) protect the subgrade
soil with a low bearing capacity which is sometimes very sensitive to water. Using unusual
industrial by-products in civil engineering can contribute to conserving non-renewable
natural resources and reducing the waste produced by specific industries. Phosphate rock
is a potential secondary raw material for road construction and foundations. Table 2-4

presents a synthesis of the main works on the valorization of PWR in civil engineering.
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Table 2-4: Summary of the main works on the valorization of PWR in civil engineering. CBR: California Bearing Ratio

Mine Main use Results Properties References
The study found that PWR possesses satisfactory Specific density > 26 kN/m?, 45% <
Use of PWR as phy'sical, geotechnical,. chemical, mineralogic?ll, and LA <58%,MBV <1 g/100 g, PI <
alternative raw environmental properties. They meet the required 20%.
L geotechnical standards for embankments and do not Leaching tests = none released any (Amrani et al., 2019)
materials in road . . . . .
. release any contaminants in leaching tests. In addition, contaminants.
construction .
these rocks have been successfully used in
Phosphate experimental pilot testing.
mine, Use of PWR asan  The results showed that the applied stress level, dry Dry moisture content under total
Benguerir, alternative material  density, and clay minerals influenced the structural overburden stress < 200 kPa ensuring
Morocco for constructing dry  deformation of PWR on wetting. PWR can be used as a dry density of at least 95% (Amrani et al., 2021)
compacted embankment materials at dry moisture content under
embankments certain conditions.
L trength (29 MPa) at 28 days.
Use of PWR (flint)  Flint from PWR can be successfully used as a (.)wer strength ( 2)a ays .
. . . Higher flexural strengths (4.90 MPa)  (El Machi et al.,
as aggregates for ~ substitute for ordinary concrete, promoting the . . .\
. . . and a stronger interfacial transition 2021a)
concrete circular economy and greener mining practices. Jone
The research findings can be summarized as follows:
Use of phosphate 1) The properties of PCSW aggregates are similar to
coarse solid wastes  conventional mineral aggregates used in road Dry density of 1.95 g/cm? was (Ahmed & Abouzeid,
El-Nassar (PCSW) as construction. ii) Deviations in size grading can be achieved. crushing part of the -3/4 2009; Negm &
Mining aggregates inroad  corrected by crushing a specific fraction of the inch + 4 mesh size fraction. Abouzeid, 2008)
Company at paving sample. iii) The produced aggregates are suitable for
Sebaeya, constructing local low-volume roads.
Egypt The results indicate that the waste can be used in Bulk density (g/cm?®): 1.4, water
Use of PCSW as . .. . . . . .
avoresates in concrete mix for civil constructions, with a mean absorption (wt.%)6, crushing strength: (Ahmed & Abouzeid,
£eres . uniaxial compressive strength within the acceptable 29%, UCSas: 240 kg/cm? 2011)
concrete mix
range.
Experimental tests conducted on these wastes The CBR values: 88% for phosphate
Phosphate Use of PCSW and  demonstrated their favorable physical, mechanical, waste, 41 to 95% for crushed solid
mine and solid waste of and chemical properties, meeting Egyptian standards. ~ waste of quarrying, 2.02 g/cm?® dry
quarrying of quarrying inroad  The results confirmed that these waste materials can density with an optimum moisture (Ahmed et al., 2014)
granit and construction be effectively utilized in base and sub-base layers for ~ content of 12% was achieved.

marbre, Egypt

(subbase and base)

road construction and as replacement soil in
foundations.
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2.5.4 Valorization of PWR in the cement industry

The valorization of PWR in cement production has gained significant attention in recent
years (Bahhou et al., 2021b). This is primarily due to the abundance of PWR and its
potential to serve as a valuable alternative raw material in cement manufacturing. PWR
plays a significant role in cement production due to its potential for use as raw material or
alternative fuel in the manufacturing process. According to Bahhou et al. (2021a) and
Idrissi et al. (2021), the utilization of waste materials in cement production has gained
attention as a sustainable solution to reduce both environmental impacts and the
consumption of natural resources. Phosphate waste rock, a byproduct of the phosphate
mining industry, contains high levels of carbonate minerals and other minerals that are
essential for cement production. The incorporation of this waste material in cement
manufacturing can help to reduce the reliance on traditional raw materials such as
limestone and clay minerals, which are finite resources. Therefore, the importance of PWR
in cement production lies in its potential to enhance the sustainability and efficiency of the

cement manufacturing process, as well as to reduce environmental impacts.

The study of Bahhou et al. (2021b) evaluated the potential use of clay minerals produced
during phosphate mining as supplementary cementitious materials. Clay minerals were
thermally activated, and their physical, chemical, and mineralogical characteristics were
determined. The results showed that the optimal activation temperature was 800°C for 3 h.
Substituting 20% of clinker with calcined clay resulted in a compressive strength higher
than 22 MPa at 28 days. The consistency and initial setting time values were in accordance
with the required cement standard. This research highlights the potential of utilizing
thermally activated clay minerals from phosphate mining as a sustainable alternative in
cement production. Another study by Slimane et al. (2017) investigated the use of rejection
of black phosphate screening from Djebel Onk in the production of mortars and concrete.
They conducted a study where they replaced a certain percentage of clinker with phosphate
reject. The mortar with 10% phosphate rejects showed the best flexural resistance

compared to the reference mortar and other mortars.
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2.5.5 Valorization of PWR in the ceramic industry

The valorization of PWR in the ceramic industry holds significant importance for both
environmental sustainability and economic viability. Firstly, the incorporation of this waste
material into ceramic production processes offers a solution to the growing problem of
waste disposal. Additionally, it provides an opportunity to reduce the reliance on traditional
raw materials, such as clay minerals and feldspars, which are depleting resources.
Techniques for incorporating PWR into ceramics have been developed, ensuring
compatibility with existing manufacturing processes. However, recent research has shown
that this waste material can be utilized as a valuable resource in the ceramic industry.
According to Hakkou et al. (2016), the incorporation of PWR in ceramic production can
enhance the physical and mechanical properties of ceramic products. This is attributed to
the high content of phosphorus and other minerals (clay minerals) in the waste rock, which
act as fluxing agents and contribute to improved sintering and densification processes.
According to Idrissi et al. (2021), PWR contains high levels of mineral phases such as
quartz, apatite, and mica, which can act as reinforcing agents, improving the strength and

toughness of ceramics.

Among the unexploited phosphate interlayers in Benguerir mine, there lies a valuable
resource that is often overlooked - clay layers. These clay layers, which are commonly
considered waste rock, have the potential to be reused in an environmentally friendly
manner. What makes these layers intriguing is the fact that they vary in terms of clay
mineralogy. The predominant clay minerals found are smectite (Xo03Y2-3Z4010(OH)2
nH>0), sepiolite (MgsSisO15(OH)2-6(H20)), and palygorskite ((Mg,Al)2Si4010(OH)-
4(H20)), as identified by Loutou et al. (2019).

In the Gantour phosphate basin, Chahi et al. (1993) conducted research that shed light on
the genesis of palygorskite. Through the examination of ratios such as Al,Os/rare earth
elements and the analysis of infrared characteristics, Chahi et al. (1993) argue in favor of
the mechanism of crystallization by dissolution. This suggests that palygorskite is formed
through a process of dissolution and subsequent crystallization. The formation and stability
of fibrous clay minerals, such as palygorskite, within the sedimentary series necessitate an

alkaline environment characterized by a high concentration of silica and magnesium, a low
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concentration of aluminum, and elevated temperatures. These findings were supported by
Bouza et al. (2007); Singer et al. (1995). Considering the mineralogical composition of
these PWR, it becomes evident that they hold potential for the manufacturing of ceramics.
Hakkou et al. (2016) found that these waste rocks possess a mineralogical composition
suitable for ceramic production. This discovery opens new possibilities for the utilization
of these waste rocks, transforming them from unwanted by-products into valuable

resources. Table 2-5 summarizes the main attempts to valorize PWR in the ceramic field.



Table 2-5: Summary of the main works on the valorization of PWR in the ceramic field
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Mine Main use Results Properties References

The results show that increasing the sintering temperature

Benguerir Use. of PWR (clay) leadsto changés in clay minerals,'vitriﬁcati(')n of the' b.ricks, Pressure of 5 MPa,

. In ceramics, and the formation of micro-porosity. The bricks exhibit
Phosphate mine, . . . . . temperature of 1050°C, (Loutou et al., 2019)
specifically fired acceptable water absorption capacity, firing shrinkage rate, .
Morocco ; s . . . and time of 2.5 hours
clay bricks and good flexural strength, indicating their potential use in
brick manufacturing.
Use of PWR in the  The results showed that slip-resistant road aggregates can

Phosphate mine

manufacture of
potentially useful
ceramic products

be manufactured using Na,COs to produce a water-
insoluble glass bond and controlled porosity in an
unpressed mixture of silicate particles.

(Ramsey & Davis,
1975)

Gantour, El
Youssoufia
region, Morocco

Use of PWR to

produce compressed

stabilized earth
bricks using cement

The laboratory results showed that this mixture had
satisfactory mechanical and durability properties. The
bricks also had low water absorption coefficients and met
the requested limits of the standard for compressive
strength. The addition of cement improved the

Bulk density (g/cm?®):2.18,
UCS: 2.56-5.7 MPa,
Water absorption: 13.89
%.

(Mouih et al., 2023Db;
Mouih et al., 2023a)

stabilizer cohesiveness, rigidity, and mechanical properties of the
bricks.
— - - 5 5 - o~ .
Maroc Phosphore, Use of PWR, The. most optimized mixture c?)ns.lsts of 40% ?G and 8% Bulk density (g/cm?):1.75
Jorf Lasfar hosphoevpsium ordinary Portland cement, achieving compressive strength 7.8, UCS: 3.17-8.11 MPa,
' PROSPROEYP of 8.1 MPa at the laboratory scale and 7.7 MPa at the pilot Water absorption: 14.48-
Recette VI (PG) and cement to . . .. (Oubaha et al., 2022)
scale after 28 days, and interesting thermal conductivity. 14.61 %. Thermal
(Bouchan), manufacture the . . . ..
Morocco compressed bricks The bulk density and water absorption coefficient meet conductivity
P standards. (W/K): 0.45-0.51
Use of ject . . . .
Diebel Onk se>(; 5??312? s The results of ceramics obtained from zirconia fired at

phosphate mine,
Tebéssa-Algeria

phosphate for
bioceramics
production

1200°C and 1300°C, lead to a bioceramic material with
satisfactory chemical (durability against acids and bases)
and mechanical (Young's modulus) properties.

- (Djellal et al., 2015)
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2.5.6 Valorization of PWR in other sectors

In addition to the civil engineering, ceramics, and cement sectors, waste rock from
phosphate extraction holds tremendous potential for various other industries. This versatile
resource can be effectively utilized in mine restoration and rehabilitation, contributing to
the sustainable development of ecosystems. Furthermore, waste rock offers exciting
prospects in agriculture and soil improvement, where its application can enhance soil
fertility and crop productivity. Additionally, waste rock contains valuable elements that
can be extracted, presenting both opportunities and challenges in the quest for resource

recovery. Table 2-6 presents the main valorization of PWR in other sectors.

The valorization and reuse of PWR present a promising opportunity to address both
resource conservation and environmental impact in civil engineering. Traditional methods
involve utilizing mixed PWR, but this thesis project takes an approach by examining each
lithology of PWR separately. This distinction is essential because different lithologies may
possess varying physical and chemical properties, influencing their suitability as secondary
raw materials. Addressing each lithological type could yield insights into adapting
valorization processes more efficiently, potentially enhancing the quality of the derived
materials while optimizing their performance in construction applications. Therefore,
valorizing PWR not only aligns with sustainable development goals by reducing the
depletion of primary raw materials but also offers a strategic response to environmental

management challenges posed by traditional mining activities.



Table 2-6: Summary of the main work to valorize PWR in other sectors. DE-XRT: dual-energy X-ray transmission.
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Mine Main use Results Properties References

The results confirmed the ability of PWR to prevent water

Use of PWR asa infiltration and oxidation of mining waste in Kettara, Morocco. .
. The thickness of the store- ,
component of a Based on these results, they designed a storage and release cover . (Bossé et al.,
. . . and-release layer is
Store-and-Release that uses capillary barrier effects and prevents water percolation 2013)
. . . . between 50 and 100 cm

Cover by storing and evaporating water during wet and dry climatic

periods.

Laboratory tests showed that adding 15 wt% alkaline PWR to the
Use of alkaline Kettara tailings resulted in leachates with lower acidity and metal
PWR for the concentrations compared to untreated samples. The neutralization = The neutralizing potential

e . . . o . .. . (Hakkou et al.,
control of acidic was attributed to calcite, while dolomite dissolution was minimal  is between 500 and 680 kg 2009)
mine drainage and fluorapatite remained stable. However, when the treated CaCOs/t
(AMD) solution encountered unweathered Kettara tailings, the pH
Phosphate became acidic, although metal concentrations remained low.
ine, M . o - The initial AMD val
e, VIoroceo Use of PWR The phosphate limestone waste effectively increased alkalinity eilr?clr:;se J frorjla ue

(limestone) in the

and pH, leading to the precipitation of most metals. Batch tests
showed a significant decrease in concentrations of Fe, Al, and Cu

3 to 6.5 during the batch

(Ouakibi et al.,

assive . . .. tests and 8 in the columns.
P under both anoxic and oxic conditions. Column tests also _ . 2013)
treatment of . . Significant decrease in
demonstrated a decrease in Al and Cu concentrations, although .
AMD .. concentrations (Fe, Al,
Fe decreased less significantly.
Cu)
The researchers found that the main minerals in the phosphate
Use of phosphate .
¢ waste rocks, namely carbonates and fluorapatite, were
waste as a . . . . . . .
phosphorus respectively involved in the formation of labradorite/anorthite Absorbed quantity of (Loutou et al.,

source for alfalfa
growth

and they also found that due to the release of phosphorus from
the granules embedded in the soil, the growth of alfalfa plants
improved.

phosphorus (0.12%)

2016)

Mine waste rock
reprocessing
using sensor-
based sorting

The study discusses the potential of PWR as a resource for
phosphorous beneficiation. found that the PWR contained up to
17.5 wt % P,0s, with various minerals present. Hand sorting
revealed that over 50% of the PWR in the coarse fraction (>30
mm) was indurated phosphate. The tests showed that DE-XRT
sorting technology had the highest efficiency.

P»0s recovery of 70 wt%
and an increase in P,Os
content from 13.5 wt% to
18.5 wt%.

(Amar et al.,
2023)
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CHAPTER3 MATERIALS AND METHODS

In this chapter, we delve into the materials and methods employed in this thesis, providing a
comprehensive overview of the research process. Our primary aim is to shed light on the objectives

of the present study.

3.1 Methodology

The methodology adopted in this project is illustrated in Figure 3-1. The initial step involves
conducting a comprehensive bibliographic and benchmarking study to gather all the relevant data
about the thesis project. Following this, field missions were conducted to carry out core drilling,
sample collection, and the creation of lithological sections. These field missions were crucial in
establishing litho-stratigraphic correlations, which helped in understanding the geological

formation and structure of the area under investigation.

The sampling strategy for this project was carefully designed to ensure a comprehensive and
representative data collection process. It involved a combination of two methods, namely the
random method and the targeted method, to account for varied factors influencing the selection of
samples. The first criterion we considered was the facies, which refer to the different rock types or
sedimentary structures present in the study area. The second criterion was the availability of the
quantities required for analysis. We considered the practicality of obtaining enough samples that
could be processed and analyzed within the project's time and resource constraints. This approach
ensured that the collected samples were not only representative but also feasible to handle in terms
of laboratory analysis. By combining these two methods and considering these criteria, our
sampling strategy aimed to provide a robust dataset that would support accurate and meaningful

analysis for the project. The sampling strategy for each study is detailed in Chapters 4, 5, and 6.

Once the samples from the drill cores and trenches were obtained, a series of characterization tests
and analyses were performed. These tests/ analyses encompassed geological, geomechanical,
petrographic, mineralogical, chemical, and environmental analyses. The geomechanical
characterization involved evaluating the physical and mechanical properties of the samples, such
as grain size distribution, Atterberg limits, strength, degradability, and fragmentability. The
petrographic and mineralogical analysis focused on identifying the mineral composition of the

samples, which provides insights into the geological history and the potential presence of valuable
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minerals. Chemical analysis is carried out to determine the elemental composition of the samples,
aiding in understanding any potential environmental implications or chemical reactions. Lastly, the
environmental characterization was done by using leaching tests (semi-dynamic and static tests),
this characterization has been used to assess the environmental behavior. The description detail of

each characterization and analysis used is presented in Chapters 4, 5, and 6.

After the various characterizations have been carried out, the geomodelling step began. The
parameters used for geomodelling are derived from the geological description and the thickness of
interburdens. By incorporating these parameters into the model, it becomes possible to obtain a
comprehensive understanding of the deposit being studied. The model output, on the other hand,
represents essential information that can be useful in decision-making processes. The primary
outputs include volume estimations. Additionally, the model output provides insights into the
spatial continuity of the deposit, allowing for a better understanding of its distribution and potential
variations throughout the area of interest. Furthermore, the model output can shed light on the

properties of waste rock levels, aiding in the development of efficient waste management strategies.
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Figure 3-1: General methodology of the thesis project.

3.2 Materials and analytical methods

Preliminary soil/rock investigation plays a crucial role in gathering essential information, providing
valuable insights into its characteristics and potential risks. By conducting this initial assessment,
we can understand the sample's composition comprehensively, including the nature of the layers
present, their position, thickness, and direction. Furthermore, it allows us to determine the presence

or absence of the water table, including its depth and mobility.
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Various techniques were employed during soil/rock investigation, with core drilling and core
logging commonly used. Core drilling involved extracting cylindrical samples, which were then
analyzed to determine their properties. This technique provides valuable data on the sample’s
composition. However, core logging is an essential step that follows core drilling. It involves
showing the succession of different geological layers on a borehole, by analyzing the samples,

noting their color, texture, grain size, moisture content, and any other relevant characteristics.

3.2.1 Core drilling and samples collection

To investigate the structure and composition of the phosphate series in the Benguerir mine, we
carried out six vertical core drillings (non-destructive) of varying depths ranging from 60 to 95.50
m, with a total length of 425 m. The drillings were carried out by Laboratoire Public d'Essais et
d'Etudes (LPEE) in accordance with XP P94-202 standard (XPP94-202, 1995). The location of the
boreholes was chosen to ensure that the entire mine was covered while targeting the future mining
trenches. Table 3-1 shows the lamber coordinates for the six boreholes. Some photographs of core

boxes (SC06) are shown in Appendix A.

Table 3-1: Lambert coordinates and depths for drill cores

X (m) Y (m) Z (m) P (m)
SC02 273973.00 187767.00 545.82 95.5
SC03 276526.00 184054.00 474.57 60.0
SC04 275527.00 186026.00 495.66 61.0
SC05 277050.00 181498.00 461.81 73.9
SC06 275494.00 179792.00 453.44 70.0
SC07 271812.00 179718.00 464.27 64.3

For each borehole, a well-prepared platform must be established to ensure the installation of
drilling equipment aligns with the best practices. Additionally, the environmental impact of drilling
activities should be minimized by implementing sustainable practices. This includes properly
managing waste materials, minimizing water usage, and preventing any potential contamination of

soil or nearby water sources. The equipment required for core drilling is:

e Drilling rigs: in our case, we used two drilling rigs (Silea “SL 700/22” and “S700/13” from
FORDIA Europe) (Figure 3-2A).

e Borehole parameter recorder to measure and record, during drilling, physical quantities

called borehole parameters (pressure, speed, and depth), whose variations correlate with
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the geomechanical properties of the ground traversed, in our case, we installed the recording

equipment (BAP 160) (Figure 3-2B).

e Settling basin to create a reservoir for drilling in a closed circuit, and to increase the useful

life of drilling fluids by promoting the settling of sediments generated during drilling.
e A water barrel and tank are installed to mix water with additives and as a reservoir.

The rock is cut by a diamond-impregnated tubular tool (crown) (Figure 3-2C). The cylinder cut of
rock is progressively inserted into the 1.5 m long, 116 mm inner diameter tube of the corer. The
coring technique uses an injection of water mixed with additives such as bentonite and polymer
(Figure 3-2D-E) to facilitate drilling, improve rod lubrication, cool the crown, and control any fluid
ingress or loss (by stabilizing the borehole walls). This technique makes it possible to recover a
continuous, intact sample cylinder (core) from the traversed terrain and preserve geological

structures (faults, joints, diaclases) as well as rock textures (Urien et al., 2017).

To mitigate the risk of contamination between core samples during the core drilling, a series of
precautions are employed to preserve sample integrity. One fundamental measure involves using
sampling bags, thus preventing contamination that could arise from direct contact with other
samples or external elements. Additionally, control over the sampling environment plays an
important role; it must be meticulously clean and organized to prevent dust, dirt, or strange particles
to avoid the risk of contamination. This controlled environment safeguards against environmental
factors that might otherwise introduce contaminant variables into the studied core samples.
Furthermore, when transitioning from one facies to another, there is an imperative change in

handling equipment such as gans, another critical procedural step.

Once the drilling had been completed, all the equipment was moved to the next drilling site, and
the surface borehole was plugged with rocks. Any residual cuttings and sludge from the settling
tanks are collected and disposed of in a designated area. The ground is re-spread to restore the

original model of the drilling site.
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Figure 3-2: A) Photograph of the drilling rig used. B) Photograph of the device used to record
borehole parameters. C) Diamond-impregnated tubular tool (crown). Additives added during core

drill excavation, D): Bentonite; E): Polymer

3.2.2 Analysis of the core drilled samples

Drilled cores are the real image of the terrain crossed. The cores were deposited, according to the
natural order, by the sounder in boxes (crates) which are designed for this purpose. Typically, each
box contains five rows (5 m). Once the cores were placed in the boxes, we began the geological

and structural description stage in order to draw up the stratigraphic log. A stratigraphic log is a
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column that presents the succession of different geological layers on a survey. In the description of
the core or logging, we wet the cores to bring out the contrasts. Then, we described and studied the
geological characteristics of the cores. In the log, we described and explained the following
elements: the thickness of each crossed layer, the chronological succession of geological layers

(from the youngest to the oldest), the presence of figured elements, choice scale, etc.

The drill hole analysis was based on two parameters: facies identification, total core recovery
(TCR), and rock quality designation (RQD). The facies identification involves lithology
identification (limestone, marl, clay, phosphate, etc.). The TCR consists of measuring the total
quantity of core recovered over the length of each drilled pass. In other words, it's the ratio:
recovered length / drilled length, while the RQD is a rock quality assessment parameter developed
in 1967 by Deere et al. (1967), in response to the need for a rapid, objective technique for estimating
rock quality. As a result of the in-situ investigation, we identified the lithological formations, the
TCR, and RQD surveys for each core drill, they are presented in detail in Appendix A and the
following Chapter (4).

The sampling strategy used in this study combined two methods: the random and the targeted
methods. The sampling strategy adopted for each study is described in the following sections,
providing a clear understanding of how samples were selected and how the data collection process
unfolded. Some photographs of the sampling (core drilling and mining trenches) are presented in

Appendix A.

In this chapter, we limit ourselves here to avoid redundancy since chapter 4, which follows,

presents the results of the geological characterization of the core holes.

3.2.3 Geomodelling data

Like any modeling process, geomodelling starts with the collection of data. This data is gathered
through core drilling and historical boreholes, allowing for a comprehensive database. Each core
drill is installed alongside a historical borehole to ensure accurate comparisons of results, enabling
the construction of a uniform database in terms of lithological description. The data used in this
study come from ninety boreholes (six of which correspond to core drilling) with a grid spacing of

500 m.
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The geomodelling software used in this project is Datamine. This software is highly regarded for
its wide range of integrated mining solutions covering all mine development processes. According
to Desharnais (2019), Datamine software offers a comprehensive suite of tools, including resource
modeling, mine planning, strategic optimization, detailed design, and short-term decision-making
capabilities. The software integrates Studio RM, Studio OP, Studio EM modules, Minescape, etc.
However, this project focuses on the Studio RM software, which is considered Datamine's flagship
product. Studio RM is designed to facilitate the modeling and evaluation of mineral resources and

IreServes.

The geomodelling process using Datamine software (Studio RM) comprises the following steps: 1)
creation and import of the survey database, ii) creation of the wireframe, and iii) creation of the
block model. The first step involves creating and importing the survey database in a file compatible
with Datamine software (i.e., MS Excel). This step is crucial as it lays the foundation for the
modeling process. By importing the survey data, which includes information such as the location
of' the various boreholes (X, Y, and Z coordinates), depth, deviation, lithology, results of the various
characterizations and analyses (geomechanical, geochemical, environmental, etc.). The data in

each sheet is arranged according to precise organization (Figure 3-3):

e Collars sheet: contains all information concerning borehole identification, location (X, Y,

Z coordinates), depth, etc.

e Surveys sheet: contains information on azimuth and inclination deviations and all deviation

measurements, if available.
e Lithology sheet: contains the lithological description of the facies crossed by the boreholes.

o Assays sheets: contain all the results of characterizations and analyses carried out (RQD,

geomechanics, geochemistry, etc.).
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A B C D E F G H 1 .

1 BHID XCOLLAR | YCOLLAR | ZCOLLAR | BREG | DIF | DEFTH Lone Type 5d -
2 8C02 (27397300 187767.00 545,82 0,00 S0.00 |95,50 Mine Nord Panneau 7 Caroné
3 8SCO03 [276526.00 18405400 474,57 0.00 90,00 60,00 Mine Nord Panneau 8 Carofté
4 SC04 [275527.00 18602600 495,66 0,00 |90.00 |61,00 |Mine Nord Panneau 8 & 9Carotté
5 SCO5 [277050.00 181498.00 461.81 0,00 S0.00 |73.90 Mine Nord Panneau 8 Caroné
6 SC06 (27549400 179792,00  [453,44 0,00 90,00 (70,00  |Mine Sud Panneau 1 Carotté
T SCO07 (27181200 179718.00 46427 0,00 0,00 164,30 Mine Sud Panneau 1 Caroné
8 P750 [263994.16 178508.93 451.38 0.00 90,00 | 50,00 Mine Sud Pannean 1 Puit

9 P38T |2715001.44 179498 26 460,49 0,00 S0.00 |53,70 Mine Sud Panneau 1 Puat

10 P189 (27500000 17950000 452,72 0,00 90,00 |52,50 Mine Sud Panneaun 1 Puit

11 P210 |277009,10  |181508.80 [459.32 000 90,00 66,50  [Mine Nord Pamnean 8 |Puit

12 P245 [276506.30 184013.00 473,45 0.00 0,00 | 59,80 Mine Nord Pannean §  |Puit

13 |P’Iﬁ9 27550388 186011.61 495,98 0.00 90,00 162,30 Mine Nord Pannean 7 |Puit

14 Pl411 (27399999 187747.63 546,50 0,00 000 |93,55 Mine Nord Pammean 7 |Puit

15 P190  [275502.50 17950000 455,23 0.00 90,00 156,90 Mine Sud Pannean 1 Puit

16 P192 |275499.90  |180001.69  |459.54 0,00  |90.00 |60.60  |Mine Sud Pannean 1 Puit

17T P26E  [274500.00 185997.00 506,97 0,00 S0.00 |65.10 Mine Nord Pammean 7 |Puit

18 P286  |275000.80 18650001  |504.92 0,00 90,00 [65.10  [Mine Nord Panneau 7 |Puit

19 (P17 27605285 184490.64 477,30 0,00 9000 | 57,65 Mine Nord Pamnean & |Puit

20 P253 |[277010.70 18451840 480,76 0.00 90,00 167,90 Mine Nord Panneau 5 |Puit

21 P257 |275495.80 |185009.00 |482.45 0,00 90,00 (54,30  [Mine Nord Pamnean 8 |Puit

22 P25B 27650300 185016.00 482,23 0,00 90,00 |57.90 Mine Nord Pannean 8 |Puit

23 P263 27600400  |185509.7 486,50 000 90,00 [55.80  [Mine Nord Pamnean 8 |Puit

Litho |RQD |JGeomechanicall oeochemistry ENITIIT]

" Collars B

Ready [S
Figure 3-3: Example of the “COLLARS” sheet.

Once the database is complete and ready, it can be imported into the software via the ODBC (Open
Data Base Connectivity) link to filter multi-source data, correct it, and eliminate errors. ODBC
establishes a connection between the database and the software. The software also offers the
capability of graphic visualization of the different boreholes (Figure 3-4). This feature provides a

visual representation of the data, making it easier to identify patterns, trends, and anomalies.
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Figure 3-4: Graphic visualization of different boreholes.

The second step in the geomodelling process is the creation of the wireframe. Wireframing involves
constructing a three-dimensional representation of the geological features based on the collected
data in the database. Creating wireframes involves creating the topographic model and waste
interburdens, including phosphate layers. To create a wireframe, a series of strings must be created,
which must then be linked to form the outline of the 3D surface (Datamine, 2004). The digital
terrain model (DTM) tool can generate the topographic wireframe. The concept of wireframe

creation is based on triangulation. Each point is linked to form a series of triangles (Figure 3-5).
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Figure 3-5: Creation of the wireframe of the study area.

Once the wireframe has been created, it must be checked for errors. This process includes checking
the edges of the solids as well as the separate surfaces. After this, the volumes can be calculated

(Figure 3-6).

The overburden has the highest estimated volume, standing at approximately 580 Mm?. This is
followed by the interburden Int CO/SA with 312 Mm?, Int C5/C4 with 185 Mm?, and Int C2/Cl1
with 120 Mm?3. The Other interburden: Int AB/SB, Int SA/AB, Int SA/SB, and Int C6/C5, have
significantly lower volumes of less than 100 Mm?® each. On the other hand, the phosphate layers
in these areas present a different distribution of volumes. The SA layer, which is the thickest and
most extensive, has an estimated volume of 302 Mm?, making it the largest among all the phosphate
layers. It is followed by the C5 layer with 114 Mm?, COC1 with 107 Mm?, and C2 with 100 Mm?®.
The remaining layers, including SB, AB, C3, and C4, have volumes of less than 100 Mm? each.
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Figure 3-6: Estimated volume in Mm? of phosphate layers and interburdens.

Once the wireframe is established, the next step is creating the block model. The block model is a
discretized representation of the geological deposit, where the deposit is divided into smaller blocks
or cells. Each block is assigned properties such as grade and other geological attributes. This step
involves interpolating and estimating the values for each block based on the data available in the
survey database and the wireframe. The final element of the 3D modeling process is to combine
the waste rock and phosphate layer model blocks into a single model for presentation, economic

optimization, or evaluation purposes (Desharnais, 2019).
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3.3 Impact and anticipated outcomes of the project

Morocco's phosphate mines, which the OCP Group operates, play a crucial role in the country's
economy. As one of the key players among public enterprises and establishments, the OCP Group
contributes significantly to mitigating Morocco's internal and external macroeconomic imbalances
(Labaronne, 2015). The phosphate mines hold immense importance due to their large reserves and
production capacity. However, one of the significant challenges associated with these open-pit
mines is the production of substantial quantities of PWR. Previous studies related to the issue of
PWR have provided valuable insights into its characteristics and behavior. PWR refers to the
mixture of materials deposited in stockpiles after various mining operations. The waste rock
undergoes changes that alter its initial properties throughout the fragmentation, stripping, crating,
and transport. These PWR are stored on the surface near the mines and become a source of
landscape nuisance. The presence of these PWR piles requires extensive rehabilitation and
restoration efforts. The costs involved in addressing this issue are substantial, highlighting the need

for sustainable practices to minimize the impact of PWR.

This research project aims to study PWR upstream of the mining chain by adopting the
geometallurgical approach. By conducting a detailed characterization, we can comprehensively
understand the PWR's composition, structure, and properties. This information is crucial to predict
valorization pathways and management challenges and, in turn, can help the proposition of
valorization pathways. The long-term success of this endeavor will have multiple benefits,
including reducing the costs associated with mine site rehabilitation and restoration. Instead of
treating waste rock as a liability, the project recognizes its potential as a valuable resource that can
be utilized in various industries such as civil engineering, and cement. By considering PWR as a
raw material for these industries, there is an opportunity to reduce waste and contribute to the
sustainable production of essential materials. By exploring these possibilities, the project seeks to
promote a circular economy approach in the mining sector, where waste is transformed into

valuable resources, benefiting both the environment and the economy.

Overall, this research project contributes to understanding waste rock behavior and properties and

offers practical solutions for its valorization and utilization.
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4.1 Abstract

Sedimentary phosphate extraction in open-pit operations generates large volumes of waste rock
(WR), which are mainly overburdens and interburdens. Traditionally, the WR is mixed and stored
on the surface in waste rock piles (WRPs). This paper presents a case study of the Benguerir mine
site in Morocco. It investigates the potential valorization of each WR lithology based on the
geological and geomechanical properties to reduce their environmental footprint and create added
value to “waste.” The WR samples (soils and rocks) were collected from drill cores and mining
trenches in the Benguerir mine. The geological characterization results using petrographic
descriptions indicate the presence of nine phosphate layers and, in addition to the overburdens,
eight interburdens. Four types of WR are identified: carbonate, siliceous, marly clay, and
phosphate. The geomechanical characterization of soil-like samples showed an average plasticity

index (PI) of 50% according to the methylene blue value (MBV) of 7.1, classifying them in the
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A3-A4 categories as plastic and clayey marl soils. The hard rock samples have excellent
mechanical properties in terms of their uniaxial compressive strength (UCS), Los Angeles abrasion
value (LA), and micro-Deval value (MD). The average compressive strength is 104 MPa for the
flint, 35 MPa for the phosphate flint, 32 MPa for the silexite, 26 MPa for the limestone, 11 MPa
for the indurated phosphate, and 8 MPa for the marly limestone. Based on the results obtained,
these WRs can be considered as an excellent alternative secondary raw material for use in civil

engineering applications, ceramics, and cement industries.

Keywords: phosphate waste rock; valorization pathways; geological characterization;

geomechanical properties.

4.2 Introduction

Mining operations throughout the world generate large amounts of mining waste (e.g., waste rock,
tailings, and sludge), most of which is stored in surface stockpiles, such as waste rock piles or
tailings storage facilities (TSFs) for tailings or sludges (Amos et al., 2015). Mining, minerals, and
sustainable development (MMSD) assesses around 3500 active mining waste sites all around the
globe, including TSFs and WRPs (Krishna et al., 2020). Mining operations generate approximately
100 billion tons of solid waste annually (Tayebi-Khorami et al., 2019). This mining waste may
create major environmental hazards if not properly managed and can significantly contribute to
environmental pollution through air pathways and water leaching (Adiansyah et al., 2015; Krishna
et al., 2020; Lebre & Corder, 2015). Mine waste management activities contribute to removing or
minimizing environmental issues. During the last decade, several strategies emerged to provide a
framework for sustainable mining development. With this initiative in mind, the mining industry
must find ways to reuse or valorize waste to mitigate the environmental impact of its mining

operations.

In the context of mining in Morocco, the exploitation of immense phosphate deposits presents the
approaches in a favorable geological context, thus guaranteeing the diversity and abundance of
mineral resources. Thus, the mining industry occupies an important place in the development of
the national economy. Phosphate ore in Morocco is extracted by open-pit mining method. The
extraction is performed through the strip-mining method. This method involves cutting the deposits
into a group of panels and dividing the panels into 40 m-large trenches. This method includes a set

of mining operations: the drilling, blasting, stripping, loading, and transportation of phosphate. The
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stripping ratio represents the amount of waste (overburden) that must be removed to extract a given
amount of ore. A strip ratio of 3:1 means that 3 tons of waste rock are produced to extract 1 ton of
phosphate rock. For 4.2 million tons (Mt) of phosphate rock annually extracted in 2020, the
estimated mass of waste rock stored in piles was 12.3 Mt (OCP Group Benguerir Mine, Benguerir,
Morocco). Indeed, this extraction method generates large volumes of waste (~3.8 million m?)
composed mainly of carbonates, clays, marls, and flints, which correspond to overburdens and
interburdens. Preliminary studies showed that this waste may present properties similar to many
raw materials used in the civil engineering sector (Hakkou et al., 2016). The extracted phosphate
waste is pushed by D11 bulldozers or moved by dragline into the previous trench already exploited
(n— 1) to form piles or is transported to a storage area. This waste is a source of landscape nuisance

due to the accumulation of by-products in large areas, which are rehabilitated with difficulty.

The deposition of WR in piles generates the segregation of fine and coarse materials (Amos et al.,
2015). The waste rock is considered as a heterogeneous material in terms of its physical, chemical,
mineralogical, and geomechanical properties (Elghali et al., 2018; Lahmira et al., 2016). This
heterogeneity is the main challenge in WR piling (Aubertin et al., 2002). For instance, the main
factors influencing the piles’ physical (geotechnical) instability are the geometric configuration,
the properties of the materials, the topography of the site, the construction method, and the climatic
and hydrological conditions (Aubertin, 2013; Aubertin et al., 2002; Maknoon & Aubertin, 2021).
The stability analysis of WRPs must consider all these factors for the optimal design selection and
determination of the probable risks (Aubertin, 2013). In terms of chemical stability, the risk of
surface and groundwater pollution due to phosphate mining operations is generally low because of

the high carbonate content in waste rocks (Bossé et al., 2013).

The valorization or reuse of mining waste is challenging for the global mining industry because of
economic reasons and the climate emergency (Nwaila et al., 2021; Tayebi-Khorami et al., 2019).
This can alleviate the growing demand for construction materials or civil engineering works by
preserving the natural resources in materials and can reduce land use. Indeed, the potential reuse
of mining by-products has been studied in the last decade to reduce or minimize the intense
generation of mining waste and improve environmental management (Hakkou et al., 2016; Krishna
et al., 2020). In general mining industry practice, waste rock is reused on the surface for road
construction and reclamation purposes (Bossé et al., 2013; Hakkou et al., 2009; Hakkou et al.,

2016) and underground as cemented or uncemented rock fill (Lee & Gu, 2017; Liu et al., 2017;
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Pagé et al., 2019). However, outside of mining sites, the reuse of WR still needs to be improved
(Aubertin et al., 2002; Taha et al., 2017b; Zhang, 2013). Indeed, several studies have evaluated the
technical potential of the valorization and reuse of mining waste as secondary or alternative raw
materials to supply other industries, such as civil engineering, ceramic industries, cement, and

geopolymers manufacturing.

Some authors (Amrani et al., 2019; Hakkou et al., 2016) suggest that PWR presents promising
geotechnical properties and can be reused as materials for road construction. In addition, mining
waste can be used as an alternative material to produce aggregates (El Machi et al., 2021a; Loutou
et al., 2013), fired bricks (Loutou et al., 2019; Taha et al., 2017b; Zhang, 2013), ceramic materials
(Taha et al.,Abbas et al., 2017; Ahmari & Zhang, 2012; Eliche-Quesada et al., 2015; Guo et al.,
2014; 2016a; Yang et al., 2013), and cement (Peyronnard & Benzaazoua, 2011); they can also be
used for the restoration of mining sites (Bossé et al., 2013; Hakkou et al., 2009). The valorization
or reuse of PWR as a secondary raw material might allow the conservation of natural resources and
the reduction in the environmental footprint (Loutou et al., 2019). The reuse of mine WR in any

valorization pathway depends on its basic chemical, mineralogical, and geotechnical properties.

This paper focuses on the lithology of phosphate extraction waste from the Benguerir mine in
Morocco. The novelty of this paper lies in the fact that it deals with the problem of managing
natural materials (which, at present, have the status of waste) upstream of the mining chain. Most
papers deal with the problem downstream, i.e., after the ore is recovered and everything else is
mixed and deposited. This approach is crucial because it allows for a more comprehensive
understanding of the entire process, from extraction to disposal, and identifies opportunities for
improvement at every stage. For this purpose, the main objective of this study is to describe the
different lithologies of the interburdens and to evaluate their geomechanical proprieties in view of
their potential applications. The specific objectives of this paper are: 1) the detailed geological and
geomechanical characterizations of WR found in the interburdens, and ii) the proposition of

valorization scenarios for the studied WR based on their characteristics.
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4.3 Materials and methods

4.3.1 Mine site and drill core locations

The study area is one of the parcels of the Gantour basin, “Benguerir mine,” located 70 km north
of Marrakech and 17 km east of Benguerir city. The Benguerir deposit is located in Western
Meseta. Two well-individualized Paleozoic massifs are bound it: the Rehamna massif to the north
(metamorphic and crystalline rocks) and the Jbilet massif (schists) to the south. The Benguerir
deposit is a sedimentary type (E1 Bamiki et al., 2021; Mouflih, 2015). The phosphate series extends
from Maastrichtian to Lutetian and is presented as phosphate layers and waste interburdens (Boujo,
1976). This deposit is an extended east—west plateau, with altitudes ranging between 396 and 596

m (Figure 4-1).

Six vertical drill cores (non-destructive technique) of varying depths between 60 and 95.5 m were
created to understand the structure and composition of the Benguerir phosphate series (Figure 4-1).
The core drillings were labeled as SC02, SC03, SC04, SC05, SC06, and SCO7. Core drillings were
conducted by the PTSL (Public Testing and Studies Laboratory), according to the XP P94-202
standard (XPP94-202, 1995). The cut rock cylinder was progressively placed in the inner tube of

the core, which was 1.5 m long and 116 mm in diameter.

The coring technique used an injection of water mixed with additives (bentonite and polymer) to
facilitate drilling, improve the lubrication of the rod, cool the crown, and control any possible influx

or loss of fluids by stabilizing the borehole walls.

The location of the drill holes was chosen so that the entire mine was covered while targeting future
mining trenches. The non-destructive technique made it possible to recover a continuous and intact
sample cylinder (core) from the existing lithologies and to preserve the geological structures (faults,
joints) as well as the textures of the rocks. For the characterization tests, some core samples were

wrapped in paraffin films to preserve their natural moisture levels.
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Figure 4-1: Schematic description of the Gantour basin geology (based on the 1:1000000 geological map of Morocco)
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4.3.2 Sampling strategy and methodology

The sampling strategy for this study was performed by combining random and targeted methods.
Two criteria were used: the facies and the availability of the quantities needed for the analysis. The
random method was used to collect samples from the mining trenches (Trl, Tr2, Tr3, Tr4, TrS,
Tr6, Tr7, Tr8, Tr9, Trl10, Trll, Tr12, Trl13, Trl4, Trl5, Trl6, and Trl7), depending on the
availability and accessibility of the layers to be sampled. The targeted method was used to obtain
samples from the drill cores (SC02, SC03, SC04, SC05, SC06, and SCO07). To ensure a
representative sample, attention was paid to the lithological and structural descriptions to identify
the parameters likely to impact the geomechanical characterization. These sampling approaches

enabled us to collect representative intact samples. The methodology adopted for this study is

Core drilling and
mining trenches

shown in Figure 4-2.
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Figure 4-2: Schematic view of the methodological approach used

Seven soil samples were collected from the C2/C3 interburdens of the Benguerir mine (see Figure
4-3), which was a thick interburden and remarkable for its yellow color. Three samples (A, B, and

C) were taken from boreholes (SC02, SC04, and SC06), and four samples (Trl, Tr2, Tr3, and Tr4)
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from mining trenches. The samples collected from the mining trenches involved using a hammer
and hand shovel. The samples collected were placed in plastic bags, while the samples collected

from the core were wrapped in paraffin film to keep their initial properties.

4.3.3 Structural characterization

The structural characterization allowed us to obtain general information about the layers' nature,
position, thickness, dip, etc. The techniques used in the structural characterization included core
logging and structural analysis using the rock quality designation (RQD). The cores were deposited
in a natural order. Geological and structural descriptions were created to establish the lithological

log. Drill core logging was performed as follows:

e Wetting the core to reveal the contrasts;

e Using hydrochloric acid (HCI) to test the presence or absence of carbonate;

e Identifying the hardness of the samples using basic techniques (glass, finger, or steel
scraping);

e Petrographic descriptions.

In the logging, the following parameters were described: the thickness of each lithology, the

chronological succession of the geological layers, and the presence of allochemes.

The structural descriptions of the drill cores were created using the rock quality designation, which
was a crude indicator of rock quality(Deere, 1964). RQD is defined as the percentage of intact drill
core pieces longer than 100 mm over the total drilling length (Farid, 2013), and it is calculated as

illustrated in Equation (4.1):

Length of core pieces > 100 mm length
Rop = 2Lengthof corep I 100 (4.1)
Total length of core run
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Figure 4-3: Synthetic litho-stratigraphic section of the Benguerir mine

4.3.4 Geomechanical characterization

The geomechanical characterization presented in this paper involves rocks and soil-like samples
taken from different lithologies and depths. The geomechanical characterization was performed for
each core drilling, and some samples were taken from the mining trenches. Laboratory tests were

conducted to determine the mechanical and physical properties.

The gravimetric water content of the samples was measured using the oven-drying method
(NM13.1.152) (NM13.1.152, 2011), while the bulk density was measured using the water-
immersion method (NM13.1.119) (NM13.1.119, 2009). The particle size distribution was
determined using two techniques: dry sieving after washing to remove particles more than 80 um
in size and sedimentation with deflocculant for fine particles (NM00.8.083 and NM13.1.008
standards) (NMO00.8.083, 2015; NM13.1.008, 1998). The Atterberg limit test was performed on the
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0/400 um fraction to determine the liquid limit (LL), plastic limit (PL), and plasticity index (PI)
according to the NF-P94-052-1 and NF-P94-051 standards (NF-P94-051, 1993; NF-P94-052-1,
1995). The methylene blue value (MBV), which measured the adsorption capacity of soil material,
was determined on a fraction < 5 mm, according to the NM00.8.095 standard (NM00.8.095, 2015).
The sand equivalent (SE) was measured on the 0/2 mm fraction in fine aggregates according to the
NF EN 933-8+A1 standard (NF EN 933-8+A1, 2015). This test aimed to rapidly evaluate the

relative portion of clay in the sand.

The characterization of hard rock samples was evaluated for the various rock units within the
interburdens. Six lithological facies (limestone, marly limestone, flint, phosphate flint, silexite, and
indurated phosphate) were studied. The tests on the hard rock samples allowed us to determine the
physical and mechanical properties, the uniaxial compressive strength (UCS or o¢), and the
resistance to fragmentation and wear by mutual friction of the elements of an aggregate. Specific
gravity, porosity, and absorption are the primary physical properties of rocks. These properties
were measured in accordance with NF P94-410-1, NF P94-410-2, and NF P94-410-3 standards
(NF P94-410-1, 2001; NF P94-410-2, 2001; NF P94-410-3, 2001). These physical properties were
widely used to evaluate and compare different correlations between the samples and lithologies.
The UCS should be determined from uniaxial compression tests. However, in this study, the UCS
values were indirectly derived from other tests, such as point load and triaxial tests, using empirical
equations in order to obtain more compressive strength data. The UCS test was performed in
accordance with the NF P94-420 standard (NF P94-420, 2000) on core samples (cylindrical
specimens with a circular cross-section). The triaxial tests were performed under consolidated-
drained (CD) conditions in accordance with the NF P94-074 standard (P94-074, 1994). This test
involved shearing at least three specimens from the same sample. The intrinsic parameters obtained
from this test were cohesion (c’) and friction angle (¢). These parameters were used to calculate
the uniaxial compressive strength. The PLT is an alternative method to obtain the UCS indirectly
and can be performed on rock samples without using special preparation techniques. The rock
samples were compressed between two conical steel plates until failure occurred, in accordance

with the XP P 94-429 standard (XP P 94-429, 2002).

In order to measure the sensitivity of these materials to fragmentation and degradability under the
effect of mechanical stress and climatic cycles, several geomechanical characterization tests were

performed to evaluate the materials’ resistance regarding fragmentation and wear under the effect
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of mechanical solicitations. The fraction of +10/-14 mm was chosen for the determination of the
Los Angeles abrasion and micro-Deval values in accordance with the NF EN 1097-1 and
NM.10.1.138 standards (NF EN 1097-1, 2011; NM.10.1.138, 1995). The resistance to the
fragmentation and degradability coefficients of the samples were measured on the 40/80 mm
fraction in accordance with the NF P94-066 and NF P94-067 standards (NF P94-066, 1992; NF
P94-067, 1992), respectively.

4.4 Results and discussion

4.4.1 Geological characterization: Lithological description and rock quality by RQD
e Lithological description and rock quality by RQD

A significant variety of lithological formations characterized the phosphate series of the Benguerir
mine. This series comprised nine phosphate and eight waste layers (interburdens) (Figure 4-3). In
addition to the interburdens, other layers were called “phosphate Slabs” with carbonate or siliceous
matrices. They were generally found at the wall or between the phosphate layers, and their numbers
differed from one area to another. Four types of waste rock were identified: carbonate (limestone
and marly limestone), siliceous (flint and silexite), marly clay, and phosphate (phosphate flint and
indurated phosphate). The nine interburdens were left in place in piles. From top to bottom, the

following interburdens (Int) were identified:

e Int AB/SB: composed of massive and competent limestones, topped by a phosphate
limestone/ phosphate flint with coprolites. Indurated marl at the base.

e Int SA/AB: composed of marly limestone with a sandy fraction. It is large and consistent.

e Int CO/SA: this interburden has a thickness that exceeds 8 m and is composed of limestone
and whitish siliceous marl mottled with iron and manganese oxides. Phosphate sand at the
base.

e Int C2/Cl: composed of an alternation in grayish limestone, whitish siliceous marl, and
compact beige marl with flint bands at the base.

e Int C3/C2: composed of yellow clay marl. At the top, there is a calcified sandy marl.

e Int C4/ C3: composed of siliceous marl and brown flint nodules.

e Int C5/C4: composed of an alternation in whitish siliceous marl with brown flint. Passage
of phosphate marly sand in the middle.

e Int C6/C5: composed of an alternation of limestone and brown flint.
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The phosphate rock series of the Benguerir mine is affected by silicification and dolomitization.
Due to the circulation of groundwater rich in silica or magnesium in the existing veins and fractures,
the silica is deposited, and depending on the degree of silicification, nodules of quartz or flint are
formed. However, in the case of dolomitization, the magnesium ions replace the calcium ions

present in the carbonate rocks; therefore, the limestone rocks are transformed into dolomites.

According to the litho-stratigraphic correlation presented in Figure 4, the study area constitutes a
non-horizontal litho-stratigraphic series (folded series) with quasi-variable thicknesses. This
deformation can be justified by the presence of faults to the north of the series and by being adjacent
to the Paleozoic basement of Rehamna. The average thickness of each unit can be seen in Figure
4-3. The sequence of units appears to be relatively stable in space but with quasi-variable
thicknesses and sometimes interrupted units (i.e., no thickness in some drill holes, the case of AB

interburdens).

The total RQD of the study area was calculated by averaging the RQD values of each borehole
(Figure 4-4). The effect of the difference in run lengths could be eliminated by weighing this
average by the length of each run for each drill hole (geometric average). The total RQD was 23%;
therefore, according to Deere's classification in 1968, the rock mass quality of the studied area

could be qualified as very poor (fractured rock mass).
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Figure 4-4: Cross section NW-SE and NE SW and the variation of RQD of the Benguerir mine

4.4.2 Geomechanical characterization

a. Soil-like samples

Table 4-1 presents the results of the physical and geomechanical characterizations of the soil-like
samples. The studied soil-like samples, located in the C3/C2 interburdens, were characterized by a
thickness exceeding 3 m, and the mustard yellow color was remarkable in the phosphate series.
The C3/C2-level soils had relatively low natural water contents that varied between 4.5% and 7.5%,
with an average of 5.9%. These variations in the natural water content could be related to the

quantity of fine or clayey elements in the analyzed samples. The bulk density varied between 1824
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and 1917 kg/m® with an average of 1886 kg/m>. The sand equivalent test result shows the presence

of a fine material. The results of the methylene blue values obtained vary between 6 and 10, which

indicates the presence of clayey soil. Indeed, the soil-like samples were composed of particles sized

d < 80 pm (or Psoum) to at least 91%, except for sample (C) where Pgoum = 64%. Particles smaller

than 2 pm (clay size) were present in more than 38%. The Atterberg limits showed that these soils

were plastic to very plastic. Figure 4-5A shows the plasticity chart; most of the samples are located

above the “A Line”, which means that they are clays with high plasticity, except for sample “Tr4”,

which is located below this line and corresponds either to inorganic silts of variable compressibility

or to elastic silts or organic clay.

Table 4-1: Physical and geotechnical properties of soil-like samples.

Samples C3/C2 Stagdgrd
deviation
Variables  Units A B C Trl Tr2 Tr3 Tr4
w [%] - - - 4.5 7.5 5.1 6.5 1
p [kg/m] - - 1892 1917 1824 1912 31
Prax mm 0.1 10 25 0.3 1 0.3 0.1 7
Psoum [%] 100 91 64 98 97 98 100 8.6
Poym [%] 74 70 52 38 41 38 45 12
MBYV - 9.2 10 6 6.13 6.22 6.07 6.32 1.4
SE [-] - - - FS FS FS FS -
LL [%] 106 109 95 75 83 65 60 16
PL [%] 37 39 35 32 38 27 35 3
Pl [%] 69 70 60 43 45 38 25 14

w: water content; p: bulk density; P: particle size; MBV: methylene blue value; SE:
equivalent; LL: liquid limit; PL: plastic limit; /P: plasticity index; F'S: fine sand.

sand
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Figure 4-5: A) Plasticity chart, and B) Classification of studied soil-like based on soil
classification (NF-P11-300, 1992).

According to the results of the physical characterization and the road earthwork guide (REQG)
classification NF-P11-300 (NF-P11-300, 1992), the C3/C2 interburden soil can be classified in the
A3—A4 category (fine soil); plastic to very plastic; and the category of clayey marl (Figure 4-5B).
This soil was significantly cohesive with medium and low water contents and was sticky or slippery

when wet.
b. Hard rock samples

Figure 4-6 shows the variation in the UCS with the depth and rock unit for each borehole. The
overall results show that the variation in the UCS does not depend on the depth, but rather on the
facies encountered and on the quality of the terrain, i.e., the presence of micro-faults and faults that
affect the geomechanical properties of the rock unit. Flint has the highest average UCS value of
104 MPa, followed by phosphate flint (35 MPa), silexite (32 MPa), limestone (26 MPa), indurated
phosphate (11 MPa), and marly limestone (8 MPa) (Appendix B). Specific gravity, porosity, and
absorption are shown in Appendix B. The specific gravity values vary in the range 1.4-2.5. Flint
and phosphate flint have high specific gravity values and low porosity and absorption values. For
the limestone, three categories can be distinguished: i) porous limestone with more than 30%
porosity, with a specific gravity in the 1.5-1.8 range; ii) medium-porosity limestone (the most
abundant type) with a porosity value between 10% and 30% and an average specific gravity value
in the 1.7-2.3 range; and iii) compact limestone with a porosity lower than 10% and a specific

gravity value in the 2.3-2.5 range. Silexite has a medium specific gravity value (1.6) and low
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porosity and absorption values (< 16%). Marly limestone and indurated phosphate present higher
porosity and absorption values (44.5% and 31% for Marly limestone and 38% and 23% for

indurated phosphate) and low specific gravity values (< 2).
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Figure 4-6: Variation of the UCS with the depth and the rock unit for each borehole.
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The results of the mechanical characterization tests are summarized in Table 4-2. The
fragmentability and degradability indices are, respectively, lower than thresholds 7 and 5 of the
earthwork’s material classification NF-P11-300 standard (NF-P11-300, 1992), except for a few
samples of indurated phosphate, phosphate flint, and limestone. The tested materials can be
considered poorly to moderately fragmentable and degradable under hydric solicitations. For the
Los Angeles test, the flint, phosphate flint, and a few samples of limestone and silexite have LA
(%) values below the 50% threshold. These results mean that these samples have good
fragmentation resistance and good hardness properties according to the ACI 211.1 and NF EN
12620 standards (Dixon et al., 1991; NF EN 12620, 2008). Thus, these waste rocks can be used as
aggregate and support the various stresses associated with pavement foundation constructions (EI
Machi et al., 2021a; Sathi et al., 2022). The micro-Deval coefficient values show that flint and
some phosphate flint samples have values lower than 35%; they are the most suitable for use as

aggregates.

Table 4-2: Physical properties of the hard rock samples.

Los Micro-Deval . .
Tests Angeles (%) (%) Fragmentability Degradability
22-39 9-48 1-2 1
Flint
(6) (12) (0.5) (0)
29-33 28-40 2 1
Phosphate flint
(2) (6) (0) (0)
35-75 39-88 2-6 1-1.4
Silexite
(13) (15) (1.5) (0.2)
) 24-77 37-98 1-6 1-12
Limestone
(15) (18) (1.1) 4.3)
Indurated 76-93 94-100 6-11 1-5
phosphate 4.5) (2) (2.3) (2)
) 8699 96-100 6-9 1-5
Marly limestone
2) (6) (0) (0)

Values in parenthesis refer to the standard deviation.
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4.4.3 Implication results and discussion

The phosphate waste rock from the Benguerir mine presented a wide range of properties
(lithological, mineralogical, and physical-mechanical), promoting their use in several applications.
The geomechanical properties and potential ways of valorizing PWRs are summarized in Table
4-3. The results of the characterization of the hard rock samples show that the C5/C4 and Int C6/C5
interburden flints have good physical and mechanical properties in terms of UCS (up to 64 MPa),
LA (lower than 40%), and MD (lower than 48%). The flint is a siliceous, cryptocrystalline, and
extremely hard siliceous rock with an average UCS of about 600 MPa (Aliyu et al., 2019). In a
study performed by (Safhi et al., 2022), the flint from Benguerir mine revealed the presence of
Si02 (93.6%), CaO (1.6%), P20s (1.9%), and 1.8% loss on ignition (LOI), with a corresponding
mineralogical composition of quartz (95%), calcite (1.8%), and apatite (1.2%). This flint can be
used in the civil engineering sector. Flint lithology requires simple crushing to be used as an
aggregate in the ballasts of railroads, embankments, layers forming road structures, or other
advanced uses, such as an aggregate of high-performance concrete. (E1 Machi et al., 2021a; Sathi

et al., 2022; Sidibé, 1995).
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Table 4-3: The geomechanical properties and potential valorization methods.

Lithology
Units Flint Phosphate Flint Silexite Limestone Indurated Phosphate Marly Limestone  Clayey Marl
ucs [MPa] 104 35 32 26 11 8
LA [%] 33 31 50 62 88 95
MD [%] 33 34 65 81 98 98
Fragmentability - 2 2 3 4 9 7
& Degradability - 1 1 1 4 2 3
:E’ Specific gravity - 2.5 2.2 1.6 1.9 1.9 1.7
‘g Porosity [%] 3 19 12 25 28 33
= Absorption [%] 1 9 6 14 15 20
§ w [%] 6
= 3
% p [kg/m’] 1886
g Diax mm 5
S < 80 um [%] 93
O <2 um [%] 51
MBV - 7
SE [%] Fine sand
LL [%] 85
PL [%] 35
Aggregate X X X X
» Lightweight aggregate X
3 Concrete X X X
% Asphalt X X
g Road construction X X X
.5 Embankment X X
§ Brick manufacturing X
5 Cement X X X X
E Field ceramics X
Neutralization X X

Recovery of phosphate X X
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Silexite is generally located at Int C4/C3 and Int C5/C4. It is a siliceous marl with a purplish-pink
color. The silexite mainly comprises 80% SiO2, 4.5% of CaO, and 3.7% of MgO, with a
corresponding mineralogical composition of quartz and dolomite (Sathi et al., 2022; Sidibé, 1995).
Using silexite in civil engineering projects can provide a range of economic benefits. Its importance
in civil engineering is due to its ability to provide ideal material for construction purposes
(aggregate), particularly in the form of crushed stone, sand, and gravel. This rock is also used in
various forms as a lightweight aggregate due to its low density, which is used in the production of
concrete and other building materials. Furthermore, due to its high strength and low cost, silexite
can be used as an aggregate for construction projects, such as bridges, dams, and other structures.
Additionally, silexite can be used as a natural filler in the production of concrete in order to reduce

the cost of the material without compromising its strength and durability (Safhi et al., 2022).

Phosphate flint and indurated phosphate are generally located at Int AB/SB, A3/A2, C5M/CS5S,
and CS5I/C5M. These two facies (phosphate flint and indurated phosphate) are grouped in the
phosphate waste category. In a previous study by Safhi et al. (2022), the mineralogical
characterization of phosphate flint revealed the presence of phosphate grains as apatite (38.3%)
and quartz (47.5%), which were the major minerals that cemented the phosphate grains. Indurated
phosphate constitutes the phosphate grain as fluorapatite (48%), bioclasts, and coprolites; these
elements are cemented by micrite dominated by carbonates (Redclift, 2005). The geomechanical
characterization of phosphate flint presents good mechanical properties (UCS = 35 MPa, LA =
31%, and MD = 34%), which means that it can be valorized as an aggregate and for road
construction due to its high resistance to weathering, and its ability to provide a durable and cost-
effective pavement material. While indurated phosphate presents weak properties (UCS =11 MPa,
LA = 84%, and MD = 97%) and it is not recommended to use or valorize it in the field of civil
engineering, on the other hand, approaches to exploit it have been introduced in the studies, such

as screening, sorting, and further processing methods (Amar et al., 2022; Safthi et al., 2022).

The carbonate category (limestone and marly limestone) is the most abundant in the phosphate
series, almost occurring in all the interburdens. This category presents a variation in mechanical
properties ranging from low to high values. They can be valorized as raw materials in civil
engineering (El Machi et al., 2021b; Sathi et al., 2022), ceramic applications, and the cement
industry (Bahhou et al., 2021a). Additionally, they can be used to control acid mine drainage, due
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to their high carbonate content (43%) (Amar et al., 2022; Bossé et al., 2013), and as a stabilizing
agent for acidic tailings (Hakkou et al., 2009; Knidiri et al., 2015).

The soil-like samples analyzed in this study were located at the Int C3/C2 interburden. It
corresponded to clayey marl with high plasticity. These samples were materials with good
geotechnical behavior, which could be used as raw materials, especially in embankment brick
manufacturing, cement, and field ceramics (Bahhou et al., 2021b; Bayoussef et al., 2021a; Hanein

et al., 2021; Sathi et al., 2022; Sathi, 2022).

The valorization of PWR is an important step in overcoming the challenge of waste management
and reducing the environmental impacts of phosphate mining. It can produce valuable waste
products, supporting green production and recycling in the phosphate industry. Moreover, it can
create economic and environmental benefits for local communities by providing additional
resources that can be sold for profits. Furthermore, the technologies used in the valorization of
phosphate waste rock can be applied in other industries to create sustainable solutions. It is evident
that the valorization of PWR can effectively address the problem of phosphate waste disposal and

should be considered when implementing clean and efficient solutions in the phosphate industry.

The integration of the mining circular economy in the mining industry relies on the creation of a
sustainable model that satisfies a three-facet equilibrium: economic, environmental, and social
(Amar et al., 2022; Redclift, 2005) (Figure 4-7). The valorization of PWR is a major concern
regarding their environmental footprint and the development of the mine. The phosphate industry

can ensure the valorization of waste rock to preserve natural resources and reduce land-use impacts.
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Figure 4-7: Sustainable mining practices

4.5 Conclusions

The present study investigated the potential application of each PWR lithology sample based on
geological and geomechanical properties. The experimental work on the soil-like and hard rock
samples collected from the six drill cores and mining trenches at the Benguerir mine site in

Morocco presented the following conclusions:

e The Benguerir phosphate series was composed, in addition to overburden, of nine
phosphate and eight waste layers (interburdens). The existence of other levels called
"phosphate slabs" with carbonate or siliceous matrix was present.

e Four types of waste rock were identified: carbonate (limestone and marly limestone),
siliceous (flint), marl clay, and phosphate (phosphate flint and indurated phosphate).

e The unit sequences of the Benguerir deposit appeared to be relatively stable in space but
with variable thicknesses and sometimes interrupted units.

e The soil-like samples were classified in the category A3—A4 (fine soil), plastic to very
plastic, and the category of clayey marl. They could be used as raw materials, especially
for brick manufacturing, cement, and field ceramics.

e The hard rock samples presented promising geomechanical properties and could be
considered an excellent alternative secondary raw material for civil engineering, the cement

industry, and phosphate recovery.
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It is recommended to complete this study by other types of characterizations (chemical,

mineralogical, and environmental) to evaluate all the properties.

Supplementary Materials: The following supporting information can be downloaded at:

https://www.mdpi.com/article/10.3390/min13101291/s1, Figure S1: UCS intervals for the six

facies.; Figure S2: variations in specific gravity values with porosity for the six facies; Figure S3:

variations in porosity values with absorption for the five facies.
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5.1 Abstract

Phosphate mines produce large quantities of waste rock. These waste rocks are mixed and
managed on the surface as large unsaturated piles, which makes them difficult to rehabilitate.
They are primarily composed of carbonates, clays, marls, and flints. In many cases, the
unrestored mine sites, when exposed to normal climatic conditions, could frequently produce
toxicity, environmental pollution, and significant ecological disruptions. This research aims to
assess the phosphate waste rock's (PWR) geochemistry and environmental behavior upstream
of the extraction process. For this purpose, different core drilling specimens and data were
collected from different lithologies and depths in the interburdens of the Benguerir mine to
forecast the environmental profile and determine the mobility of the analyzed chemical species.
These samples were analyzed for their petrographical, chemical, and mineralogical
compositions, static leaching tests, and semi-dynamic tests. The results showed that the PWR
mainly consists of calcite, dolomite, apatite, and quartz, with minor phases such as clay
minerals. Chemically, the PWRs are dominated by the following major oxides: CaO (1.2-53.5
%) and MgO (0.2-19.5 %), followed by SiO (2.4-94 %) and P,0Os (0.2-25 %). Trace elements
can be classified into three groups based on their concentrations: group of Ba, Zn and Cr (> 150
ppm), group of Ba, V, N1, Zr, Y, U, Cu, Cd, Co (10 to 150 ppm), and group of trace elements
with relatively low concentrations (< 10 ppm): Rb, Pb, As, Mo, Se, Sc, Ga, Nb, Th, Hf, Sb and
Cs. Environmentally, the pH of the leachates was neutral to alkaline (6 + 0.6 to 9.3) for all the
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samples, which have a high neutralizing potential (38 to 991 kg CaCO3/t). The release of major
and trace elements in the leaching test remains below international standard limits.
Consequently, the leaching test results confirm the non-hazardous nature of the PWR.

Therefore, the studied PWR could be considered a natural raw material for civil applications.

Keywords: phosphate waste rock, upstream geo-environmental, geochemistry and mineralogy

characterization, environmental behavior.

5.2 Introduction

In past decades, mining activities have generated huge quantities of mine waste, most often
dumped in surface sites in the form of waste rock piles (coarse fraction) and large tailings ponds
(fine fraction). In many cases, the unrestored mine sites can be the source of toxicity and
environmental pollution (soil and groundwater contamination) and significant ecological
disruptions after exposure to natural climatic conditions (Benarchid et al., 2019; Boumaza et
al., 2021a; da Silva et al., 2010; Hakkou et al., 2008; Khalil et al., 2013; Khelifi et al., 2021;
Krishna et al., 2020).

In Morocco, the mining sector contributes 10% of the gross domestic product (GDP), with 90%
coming from the phosphate industry in 2014 (Mehahad & Bounar, 2020). In 2019, total
production reached 54.81 million tons (Mt), including 35.20 Mt of raw phosphate, 16.70 Mt of
processed products (P2Os and fertilizers), and 2.90 Mt for other mining products, with a
turnover of 61.30 billion dithams (MMDH) (Ministre de la Transition Energétique et du
Développement Durable, 2021). The Moroccan sedimentary phosphate deposits have the
world’s largest phosphate rock reserves, with more than 70% of the world’s phosphate reserves;
it is the second-largest producer of phosphate rock after China (Jasinski, 2022). Phosphate
mines occupy an important place in national economic development. The Benguerir mine,
exploited by the OCP Group, is in the western Meseta, approximately 17 km east of Benguerir
and 70 km north of Marrakech (Figure 5-1). Strip mining is the preferred surface mining used
to retrieve phosphate. This extraction method generates large quantities of phosphate waste
rock (PWR), approximately 12.3 Mt annually, which is typically dumped on the surface as
waste rock piles within phosphate mining areas. PWR mainly comprises carbonates, marl/clay,
flintstone, etc. (Sathi et al., 2022). However, waste rocks exhibit physical, chemical, and
hydrogeological heterogeneity (Amos et al., 2015; Aubertin et al., 2002; Elghali et al., 2019).
These heterogeneities represent a significant challenge for waste rock disposal and management

(Aubertin et al., 2002). During mining operations and/or before, waste rock's environmental
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behavior is typically evaluated using static and kinetic testing (Elghali et al., 2018; Plante et al.,
2011; Sapsford et al., 2009). These tests are used to predict and determine the contaminant-
leaching potential of mine waste from the perspective of designing suitable waste control plans

as early as possible during the mine life cycle.

Numerous studies conducted in Northern Africa have placed significant emphasis on
investigating the environmental impact of phosphate mining waste (Boumaza et al., 2023;
Boumaza et al., 2021b; Khelifi et al., 2019; Khelifi et al., 2021; Khelifi et al., 2020). Some
studies Boumaza et al. (2023) and Boumaza et al. (2021b) have examined the potential risks
associated with phosphate mine wastes in Algeria, including their impact on soil quality, water
contamination, and overall ecosystem health. The results of their study showed that both raw
phosphorites and their wastes contain hazardous trace metal elements (e,g., U, Cd, Cr, Mo, V,
and TIl) that exceed soil standards (Boumaza et al., 2023; Boumaza et al., 2021b), posing
potential harm to the environment and human health due to waste exposure and mobilization
by wind and rainfall. Their results also indicate that water sources are contaminated with trace
metal elements, specifically Pb, U, Fe, Li, Se, and Mn. The observed levels suggest poor water
quality, with the groundwater showing a higher hazard quotient of 1. It was concluded that
consuming these waters without treatment could adversely affect human health, especially in
children. Khelifi et al. (2021) examined the risk assessment of phosphate mining and processing
activities on the environment and human health. Their study focuses on investigating the
inhalation and dermal bioaccessibility of potentially toxic elements (PTEs) in the sediments of
an industrial site in the Gafsa-Metlaoui mining basin of phosphate in Tunisia. The results
showed that the concentrations of PTE were found to be higher than background levels, with a
tendency to accumulate in fine particles. The bioaccessibility of PTE varies depending on the
medium used for testing. Overall, the exposure to bioaccessible fractions or pseudo-total
concentrations of PTE was not found to pose serious non-carcinogenic and carcinogenic risks

to human health according to the USEPA risk assessment.

Sabiha et al. (2009) investigated the metal contamination from phosphate rock; their study
aimed to determine the concentration of Co, K, Mg, Mn, and Na (common elements) and Cd,
Cu, Cr, Ni, Pb, Zn (environmental pollutants, i.e., toxic elements) in phosphate rocks used for
fertilizer production in Pakistan. The results of this study showed that Pakistani phosphate's
metal concentration was lower and below safe levels except for lead. On the other hand, this
phosphate rock is a cause of metal contamination of the air, land, water, food chain, etc. Jiang

et al. (2016) have investigated the phosphorus leaching from PWR in China under different
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percolating conditions. The results indicate that the mechanism of phosphorus release is
controlled by solubility when the pH decreases the release of phosphorus from waste rock
increases. Therefore, PWR deposited in this study area is considered a phosphorus point

pollution source (Mar & Okazaki, 2012; Sabiha et al., 2009).

Previous studies have investigated the chemical and mineralogical composition as well as the
environmental behavior of Benguerir PWR (Amrani et al., 2019; Hakkou et al., 2008; Hakkou
et al., 2009; Idrissi et al., 2021; Mabroum et al., 2020). However, it is important to note that
these studies primarily focused on either the mixed waste rock deposited on the surface or
specific layers within the waste rock, such as the yellow marl/clays layer. As a result, the
available geochemical data and knowledge regarding the environmental behavior of the
interburdens remain relatively limited. Consequently, there is a gap in understanding the
comprehensive geochemical characteristics and environmental implications associated with the
interburdens of Benguerir PWR. Further research in this area could provide valuable insights
into the overall composition and potential environmental impacts of these interburden layers,

contributing to a more comprehensive understanding of the waste rock as a whole.

In this study, our main focus revolves around the geochemical and environmental
characterization of the PWR (interburdens) upstream of the exploitation sequence. Our primary
objectives encompass two key aspects. Firstly, we aim to provide comprehensive information
concerning the abundance of major and trace elements in the interburdens and their distribution
patterns. Secondly, assess their environmental behavior, which involves evaluating their
potential interactions with the surrounding ecosystem. By conducting this study, we hope to
contribute to the existing body of knowledge and provide valuable insights that can assist in the

development of sustainable management strategies for PWR.

5.3 Materials and methods

Six vertical drill cores (SC02, SC03, SC04, SC05, SC06, and SC07) were carried out in the
different panels of the Benguerir phosphate series. Additional details about core drilling can be
found in (Chlahbi et al., 2023). The samples analyzed in this study were collected from the
borehole SCO02 located in panel 7 at the Benguerir mine Figure 5-1. The choice of the borehole
SCO02 is motivated by the presence of all the phosphate layers and the interburdens: “complete
phosphate series”, which means the representative character of the different components of the
stratigraphic column of the study area. A total of thirty samples (S2-I1 to S2-130) from different
depths and lithologies were studied. According to Chlahbi et al. (2023), these samples can be
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classified in 4 classes: 1) carbonates, including dolomite and limestone (S2-13, S2-14, S2-17, S2-
I8, S2-19, S2-111, S2-112, S2-113,, S2-115, S2-118, S2-125, S2-129, and S2-130), ii) phosphates
(S2-11, S2-12, S2-15, S2-16, S2-114, S2-116, S2-123, S2-126, and S2-127), iii) siliceous (S2-110,
S2-117, S2-122, S2-124, and S2-128) and iv) marly-clay (S2-119, S2-120, and S2-121). This
sampling choice was made to characterize the geochemistry of all the lithologies present in the

interburdens and to assess their environmental behavior.
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Figure 5-1: Simplified geological map of the study area and lithological section of the
borehole SC02 with sample positions.

The collected PWR samples were dried, homogenized, crushed, ground, and used for chemical
and mineralogical analyses and static leaching, while the petrography analyses and the monolith
leaching test (MLT) were performed on monolithic blocks. The methodology approach used in

this study is summarized in Figure 5-2.
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5.3.1 Petrography, chemical, and mineralogical characterization

The petrography characterization was examined using thin polished sections under a light
microscope using transmitted light (Carl Zeiss® Axio Imager A2) at RIME-UQAT. The bulk
chemical composition of the different samples was performed at Actlabs (Ontario, Canada).
Major elements (SiO2, Al,Os3, Fe2O3, Nay0O, K20, CaO, MgO, P>0Os, and TiO;) were obtained
by fusion decomposition followed by inductively coupled plasma - atomic emission
spectrometry (ICP-AES) analysis, (ME_ICP06). Selected trace elements (TEs) (Ba, Cr, Cs, Ga,
Hf, Nb, Rb, Sr, Th, V, Y, Zr), and rare-earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu) were obtained by lithium borate fusion followed by acid dissolution and ICP-
AES measurement (ME-MS81™). Other TEs (As, Bi, Sb, Se) (ME-MS42) were measured with
aqua regia digestion followed by mass spectrometry ICP-MS measurement, while base metal
(Ag, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Zn) were obtained by four acid digestion followed ICP-
AES measurement (ME-4ACDS81). Total sulfur (TS) and total carbon (TC) contents were
analyzed by induction furnace (ELTRA CS-2000; detection limit of 0.09%), where the total

sulfur was equal to sulfur sulfide.

The mineralogical characterization was determined by Quantitative Evaluation of Materials by
Scanning Electron Microscopy (QEMSCAN®, FEI, Quanta 650 platform with Field Emission
Gun) at Expert Process Solutions (XPS) in Sudbury, Ontario, Canada. It’s an automated method
that uses a collection of rapidly captured X-rays to produce particle maps (color-coded by
mineral). This equipment is equipped with Bruker SDD energy dispersive spectrometers (EDS).
Electron probe microanalysis (EPMA) was also carried out to verify the mineral identification
and chemical composition. EPMA was also performed at the XPS laboratory using a Cameca
SX-100 electron microprobe with at least ten particles of each mineral. Four high-resolution
wavelength-dispersive X-ray spectrometers (WDS) were coupled to the instrument. The
quantitative analyses (EPMA) were performed using a focused beam at 20 kV accelerating
voltage and 20 nA constant beam current. A series of calibration standards (apatite, orthoclase,
hematite, periclase, and wollastonite) were used to conduct a quantitative analysis of the

materials and enable precise measurements.

5.3.2 Statistical analysis

In order to investigate the processes governing the geochemistry of PWR interburdens, a series
of analytical techniques were employed. Initially, descriptive statistics were utilized to provide

a summary and description of the fundamental characteristics of the dataset. The Shapiro-Wilk
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test, introduced by Shapiro and Wilk (1965), and the QQ plot (Hazen, 1914), were employed
to determine the distribution of the data. Furthermore, the suitability of the data for factor
analysis was assessed using the Kaiser-Meyer-Olkin (KMO) test, which measures the adequacy
of sampling. Subsequently, to understand the relationship between the analyzed elements and
to identify the associations between variables and individuals, Principal Component Analysis
(PCA) was applied. PCA is a statistical technique commonly used for dimensionality reduction
and data visualization (Hasan & Abdulazeez, 2021). The present study applied PCA to
geochemical analyses from PWR in interburdens. Given the geochemical data's compositional
nature, the raw data were transformed into centered-log ratios (CLR) before applying PCA.
This transformation is often recommended for analyzing compositional data (CoDa) (Barcelo-
Vidal & Martin-Ferndndez, 2016; Boumaza et al., 2024; Egozcue et al., 2024; Reimann &
Filzmoser, 2000). The CLR transformation involves taking the logarithm of the ratio of each
element to the geometric mean of all elements in a sample and then centering (Aitchison, 1982).
Statistical treatments (PCA and statistical tests) were conducted using XLSTAT software, and

the CoDaPack software was used for the CLR transformation of raw data.

5.3.3 Environmental characterization

The acid generation potential (AP) was calculated using sulfur sulfide (AP (kg CaCOs/t) =
31.25 x Sauphides) and carbonate neutralization potential (NP) using total carbon (NP = 83.3 x
TC wt% (kg CaCOs/t)) (Miller et al., 1991; Sobek, 1978). The Net neutralization potential
(NNP) was calculated by subtracting the AP from the NP (Miller et al., 1991; Weber et al.,
2004). Based on NNP, three zones were recognized: i) NNP value higher than 20 kg CaCOs/t
classifies the sample as non-acid-generating, ii)) NNP lower than -20 kg CaCOs/t indicates an
acid-generating material, and iii) NNP values between -20 and 20 kg CaCOs/t is uncertainty
zone (Bouzahzah et al., 2015; Sobek, 1978). The neutralization potential ratio (NPR = NP/AP)
is a further indicator used to assess the potential of acid generation. A sample is often classified
acid-generating if the NPR value is less than 1, uncertain if it is between 1 and 2.5, and non-
acid generating if it is greater than 2.5 (Benzaazoua et al., 2004; Elghali et al., 2018; Elghali et
al., 2023).

The environmental behavior of the samples from the study area was assessed using static

leaching tests and semi-dynamic tests:

i) Toxicity characteristic leaching procedure (TCLP) was performed to assess the inorganic

species mobility for evaluating whether a residue is considered a leachable material or not
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(USEPA, 1992). A pretest was essential to determine the leaching solution by adding 96.5
ml of Hi-Pure water to 5 g of the solid phase into a borosilicate glass beaker. The beaker
was covered with a watch glass and stirred vigorously for 5 min using a magnetic stirrer.
After that, 3.5 ml of hydrochloric acid (HCI) was added, the beaker was covered, and it
was heated at 50°C + 5°C for 10 minutes with stirring. After one hour, the solution was
homogenized, and the pH was measured. If the pH was less than 5.0, leach solution number
1 (acetic acid and sodium hydroxide (pH =4.93 + 0.05)) was used, and if the pH was higher
than or equal to 5.0, leaching solution number 2 (acetic acid with a pH = 2.88 £+ 0.05) was
used (Jong & Parry, 2005; USEPA, 1992).

ii) Synthetic precipitation leaching procedure (SPLP) was used to determine the concentration
of inorganic species potentially leached by acid rain contact (USEPA, 1994), prepared with
a nitric and sulfuric acid mixed with deionized water (pH = 4.2 & 0.05, L/S ratio of 20/1)

iii) Semi-dynamic monolithic leaching test (MLT) was used to evaluate the leaching potential
of contaminants during the life of a monolith (Nen, 2004; USEPA, 2017). The MLT is
based on the mass transfer of contaminants from the block to the leaching solution
(deionized water) (Jouini et al., 2020; Nen, 2004; USEPA, 2017). The solid/liquid ratio
was 1:10. The deionized water was renewed for each sample after 0.25, 1, 2.25, 4, 9, 16,
36 and 64 days. This test measures the degree to which the waste releases various metals
and other contaminants into the solution and provides valuable information about the

potential risks associated with the waste.

For each static and semi-dynamic test, leachate samples were filtered using a 0.45 um nylon
mesh filter and acidified using 2% v/v HNOs for preservation immediately after collection. The
chemical composition was then analyzed using ICP-AES at H2Lab in Rouyn-Noranda, Canada.
The leachate’s pH, redox potential (Eh), and electrical conductivity (EC) were measured using
a pH electrode Orion Pt Electrode, and a conductometer, respectively, at RIME-UQAT. The
results of the chemical concentration during these tests were compared with different standards
and regulations such as United States Environmental Protection Agency (USEPA) regulations

(USEPA., 2009) and the worldwide or universal treatment standard (UTS) (UTS, 2017).

Static tests (TCLP and SPLP) involve exposing the samples under constant conditions without
any flow or movement of the solution. It provided information on the initial release or leaching
of contaminants and the equilibrium concentrations that may be reached over time. However,
they may not accurately represent real-world scenarios where dynamic flow and transport

processes occur. Semi-dynamic test (MLT) involves the periodic renewal or replenishment of
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the solution in contact with the material. It’s used to understand the time-dependent behavior
of contaminants, including their release and attenuation in a dynamic environment. In semi-
dynamic tests, the solution is periodically renewed to simulate the movement of contaminants
through the material or system. The flow rate, duration, and frequency of renewal can be
adjusted to mimic specific environmental conditions. Overall, while static tests provide
information on initial release or equilibrium conditions, semi-dynamic tests offer a more
realistic representation of contaminant behavior by considering dynamic processes (Kosson et

al., 2002).
5.4 Results and discussions

5.4.1 Petrography results

The phosphate series presents a complex sedimentological aspect due to their facies variations
(vertical and lateral) (EI Bamiki, 2020b; Prévot, 1988). The petrography of PWR is an essential
factor to consider when assessing the environmental impact. The mineralogical observation on
the thin section shows that the PWR from the interburdens of the Benguerir mine is dominated
by four facies: i) carbonates (Cab), ii) siliceous, iii) marly-clay, and iv) phosphate minerals as
shown in Figure 5-3.

Carbonates are a significant constituent of the Benguerir phosphate series, in massive layers or
alternating with phosphates. Carbonate rocks are made up of dolomite (Dol), and calcite (Cal).
These two minerals are often associated in the analyzed facies, but also alternately with
phosphates (El1 Bamiki, 2020b; Prévot, 1988). Dolomite occurs as rhombohedral crystals in a
micritic texture. This texture can be classified as a mudstone according to Dunham (1962).
Calcite has an abundant microcrystalline texture.

Siliceous (silica) minerals are generally represented by quartz (Qtz). The siliceous phases are
usually presented in the form of flint, but also in more or less advanced silicifications of the
different sedimentary layers such as phosphate flint and silexite.

As shown in Figure 5-3, the phosphate constituents are peloids (P), coprolites (Cop), coated
grain (CQG), and bioclasts including bone fragments (BF). These constituents are cemented by
variable non-phosphatic constituents such as dolomite, calcite, and siliceous. Phosphate grains

are presented by an ovoid/elliptical morphology of a size of 100—600 um (Mouflih, 2015).

The marl and clay facies are characterized by the dominance of clay minerals (silicates) and
calcite. Clays are generally present but not abundant, except in a few reference layer (C3/C2)

(Boujo, 1976).
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PPL XPL PPL XPL

Figure 5-3: Petrographic characterization of phosphate waste rocks based on optical
observations. (Al, A2 and B1, B2) PPL (Plane Polarized Light) and XPL (Cross Polarized
Light) photomicrographs showing phosphatic peloids and coated grain surrounded by
dolomitic and siliceous matrix, respectively. (C1, C2) Photomicrograph in PPL and XPL
showing bioclasts including bone fragment associated with phosphatic peloids and coated
grain. (D1, D2) Photomicrograph in PPL and XPL showing a phosphatic coprolite associated
with phosphatic peloids. (E1, E2 and H1, H2) Photomicrograph in PPL and XPL showing marl
and clay facies characterized by a detrital of clay mineral. (F1, F2) Photomicrograph in PPL
and XPL showing a coated grain observed in a carbonate matrix associated with phosphate
particles with an important quartz fraction. (Gl, G2) Photomicrograph in PPL and XPL
showing dolomite minerals. PPL: plane polarized light. XPL: crossed polarized light. P:
peloids; CG: coated grain; Dol: dolomite; Silic: siliceous; BF: bone fragment; Cop: coprolite;

Qtz: quartz.

5.4.2 Mineralogy and geochemistry results

Sedimentary phosphate deposits are identified as being enriched in many trace elements (TEs)

and rare-earth elements (REEs) compared to other sedimentary rocks (Garnit et al., 2017;
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Prévét, 1990). The results of major elements, TEs, and rare-REE obtained in the present study
are presented in Appendix C

5.4.2.1 Modal mineralogy and major elements

Figure 5-4 shows the variation of modal mineralogy and major elements in SC02 interburdens
of the Benguerir mine. Major oxides in the interburdens samples are dominated by CaO (1.2-
53.5 %) and MgO (0.2-19.5 %), followed by SiO2 (2.4-94 %) and P>Os (0.2-25 %). The content
of other elements (e.g., AlbO3, Fe203, Na,O, K>O, TiO») is less than 11 wt.%.

The results of the automated mineralogy analyses by the QEMSCAN® method allowed the
identification of the modal phases, the liberation degree of the phases of interest, and the nature
of the existing mineralogical associations. The modal mineralogy results show the presence of
five main phases: calcite, dolomite, apatite, quartz, and clay mineral. The QEMSCAN® images

(Figure 5-5) show the existence of seven lithologies in the Benguerir interburdens:

1) Limestone: shows high concentration of CaO ranging from 32 to 54 wt.%, existence
of few concentrations of P>Os (ranging from 3 to 10 wt.%).

1) Dolomite: characterized by high concentration of CaO ranging from 22 to 36 wt.%
and concentration of MgO ranging from 13 to 20 wt.%.

1ii) Phosphates lithology in the interburdens: presented a high proportion of P20s
ranging from 14 to 25 wt.%) corresponding to Carbonate fluor apatite.

1v) In this facie we find two lithologies: indurated phosphate and phosphate flint. The
first is generally characterized by its soft appearance and light colors while the
second is characterized by its strong hardness and its generally brown color.
Indurated phosphate has two textures, the first with a calcitic matrix (~50 wt. of
CaO) and the second with a dolomitic matrix (up to 5 wt.% of MgO). whereas the
phosphate flint is characterized by a siliceous matrix (~ 52 wt.% of SiOz).

V) Flint: presented highest proportion of SiO2 (up to 94 wt.%), it reflects to the quartz.
These concentrations are recorded in samples S2-122 and S2-128.

vi) Silexite: this lithology is characterized by high concentration of SiO2 (65-85 wt.%)
and carbonate: Calcite ~ 20 wt.% or Dolomite ~ 5 wt.%.

vil)  Marly clay: in this lithology, SiO» presented high concentration (ranging from 24 to
48 wt.%) and Al,O3 and Fe>O3 concentrations show significant value (5-11 wt.%
and 2-5 wt.% respectively) in samples S2-119, S2-120, and S2-121 which

corresponds to a marly clay.
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Figure 5-4: Major element and modal mineralogy variation diagrams for SC02 interburdens of
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Figure 5-5: QEMSCAN® images of existing lithologies

5.4.2.2 Trace elements

88

As shown in Figure 5-6 and Appendix C, the chemical composition varies with lithology and

depth. Across all samples, the mean abundance (ppm) of TE, in decreasing order is Sr (410),
Zn (235), Cr (150), V (115), Ba (113), Ni (65), Zr (48), Y (41), U (27), Cu (19), Cd (18), Rb
(9), Pb (5), As (3), Mo (3), Sc (4), Ga (3), Se (3), Nb (2), Th (2), Hf (1.24), Sb (0.63) and Cs
(1). The high concentration of Sr (~1120 ppm), an element that can easily substitute for Ca in

francolite (Garnit et al., 2017; Jarvis, 1994), is recorded in phosphate samples. Based on

statistical analysis (collecting all concentration data and identifying minimum, maximum, and

distribution values) and visualization of the data with a histogram, three categories of elements
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were identified as "high," "moderate," and "low" based on their concentrations are next shown.
The first group consists of Sr, Zn and Cr with relatively high concentrations (> 150 ppm). The
second group contains TRs with moderate concentrations (10 to 150 ppm): V, Ba, Ni, Zr, Y, U,
Cu, and Cd. The third group consists of TRs with relatively low concentrations (< 10 ppm): Rb,
Pb, As, Mo, Sc, Se, Ga, Nb, Th, Hf, Sb, and Cs.

In the phosphate category, the Cd concentration varies between 7 and 58, U varies between 41
and 120 ppm, and Y is between 35 and 184 ppm, while the Th concentrations are lower than 2
ppm. Siliceous samples show high concentrations of Ba (61 — 1150 ppm) and Sr (44 — 278
ppm). In the category of carbonate, the Sr (86 — 976 ppm), Zn, Cr, V, Ni, Zr, Cd, and Ba present
high concentrations (140-380 ppm). The marly clay shows high concentration compared to
other lithologies in terms of Zn (308-618 ppm), V (180-283 ppm), Cr (131-282 ppm), Sr (103-
136 ppm).
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5.4.2.3 Rare earth elements (REE)

Total REE (2REE) concentrations show considerable variation, ranging from 4 to 214 ppm (Figure
5-6). The phosphate category has higher REE contents than the other samples (2REE ranging
between 60 and 213 ppm). The Moroccan phosphates deposit have lower REE values than other
samples from around the world (2REE exhibit a median varying between 314.5 and 289.21 ppm)
(Buccione et al., 2021; El Bamiki et al., 2021). The most abundant REEs in the samples from the
Benguerir’s interburdens are: La (< 70 ppm), Ce (< 52 ppm), and Nd (< 50 ppm), which correspond
to light rare earth elements (LREE), while heavy rare earth elements (HREE) present lower
concentration. The lowest > REE concentration was recorded in siliceous samples (~ 4 ppm). The
YREE show a positive correlation with P,Os (El Bamiki et al., 2023), but no correlation was
observed for SiO, and MgO. According to Alharshan et al. (2021) and Garnit et al. (2017), the
correlation between > REE and P»Os is higher in sedimentary phosphate deposits compared to
igneous deposits. This is because sedimentary deposits are formed through precipitation and
accumulation of phosphate minerals in a reduced environment. The study of REE distribution in
Moroccan deposits (in fossil bioapatite, along with other geochemical proxies), revealed that
phosphogenesis took place in environments with early diagenetic fluids dominated by seawater
(Kocsis et al., 2016). These environments were characterized by oxic to sub-oxic conditions and
experienced minimal diagenetic alteration (Aubineau et al., 2022; El Bamiki et al., 2023; Kocsis et

al., 2016; Kocsis et al., 2021).

5.4.2.4 Statistical analysis of data

The results of the statistical analysis (descriptive statistics, normality testing, and factor analysis)
are presented in Appendix C. The distribution of raw data using the Shapiro-Wilk test (Shapiro &
Wilk, 1965) and the QQ plot (Hazen, 1914) indicates that nearly all of the measured elements do
not exhibit a normal distribution Appendix C. The Pearson’s correlations are the most basic form
of statistical data analysis technique. It was used to investigate the affinities between the different
chemical compositions. The chemical elements show positive and other negative correlations,
among these correlations appear (Appendix C):

e P>Os shows a positive correlation (> 0.5) with: CaO, MgO, NaxO, Sr, U, Cd, Y and REE.

e (a0 is positively correlated with Na>O, P»Os, Sr, U, Cd, Cu, Mo, Y and REE
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e MgO shows negative correlation with: P>Os, Sr, U, Y, and REE.
e SiO> is negatively correlated with CaO, Sr, Cd, Y and REE and positively with Ba.

However, issues arise when applying Pearson's correlations to compositional data, as discussed by
various authors (Filzmoser et al., 2010; Reimann et al., 2016; Reimann et al., 2015). They proposed
solutions for bivariate analysis, emphasizing that classical correlations on log-transformed data
might not accurately represent relationships due to neglecting the effect of all variables.
Symmetrical coordinates were suggested for better interpreting geochemical processes (Kynclova
etal., 2017). Principal Component Analysis (PCA) reduces dimensionality and explains correlations
between variables in large datasets. A centered log ratio (CLR) transformation is recommended to
address the closure effect on correlations before applying PCA (Aitchison, 1982; Pesenson et al.,

2015).

Figure 5-7 and Appendix C illustrate the results of PCA analysis using XLSTAT software. The
current research shows that the data transformed using CLR method have a Kaiser-Meyer-Olkin
(KMO) test result of 0.619, which is above the acceptable threshold of 0.5, indicating their
appropriateness for factor analysis (See Appendix C). Principal components were derived from a
correlation matrix of the CLR-transformed data and subjected to Varimax rotation. The analysis
revealed that the two primary components, PC1 and PC2, account for 68.15% of the total variance
(PC1 =37.09%, PC2 =31.05%). Given that other components contribute less variance, above 9%,
only PC1 and PC2 were retained for generating a biplot illustrating the relationships between

variables and individuals (See Appendix C).

Figure 5-7A shows the position of the loadings in the plane defined by the axes of principal
components 1 and 2. PCI is characterized by high positive loadings on REEs, Y, and P.Os, U, Sr,
CaO, NaxO, Cd, and high negative loadings towards Al,O3, Fe2O3, TiO», and K>O, together with a
range of TRs (e.g., Th, Sc, Ni, Pb, and Ce). The elements of the negative loading of PC1 are
regarded as a detrital mineral factor since they are connected to clays and heavy elements. The
extremely high positive loading values on Sr, U, P>Os, Y, and REEs show how these elements play
a significant role in determining the geochemical variety in phosphate rock, which occur as REE-
Y substitute for calcium (Ca) in apatite values (Garnit et al., 2017). The moderate positive loadings

for Na;O, and CaO, and trace elements Cd, Se, Cu, and Mo, this loading can be explained by the
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depositional environment and diagenesis and the seawater source. This component divides major
elements and TEs into two major clusters. One group includes phosphate rock and related elements
with positive loadings on PCI1, while the other consists of silicates and heavy elements with
negative loadings on PC1. Principal component 2 is characterized by high to moderate positive
loading in REEs, Y, and Ce. On the other hand, PC2 displays high to moderate negative loading of
Si02, MgO, LOI, and TRs (e.g., Nb, Cr, Cu, Ba, Pb, V, and Z). This can be interpreted by the

presence of organic matter and siliceous matrix.

Figure 5-7B shows the plotting of individual samples within variable space. Four groups are
identified from the samples. Most samples (carbonates: calcite and dolomite) form a group with
low negative values of PC1 and positive values of PC2. The phosphorite samples form a group
with positive values of PC1 and PC2, while siliceous samples with negative values of PC1 and
PC2. A small cluster of samples S2-119, S2-120, and S2-121 is localized in the negative sector of
PC1 and positive of PC2.
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Figure 5-7: Loading plots for the first two factors from the principal components analysis (PCA)
of SC02 interburdens geochemical data: (A) geochemical constituent plot, (B) sample plot.
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5.4.3 Environmental characterization

Phosphate mining is a significant source of economic development in many parts of the world, with
the production of fertilizers and other products being a significant driver of economic growth.
However, the mining process produces a significant amount of waste rock which can have
detrimental effects on the environment. This section focuses on the environmental characterization
of PWR, exploring the methods (acid-generating potential and leachate tests) to assess its behavior.
Environmental characterization in PWR typically involves assessing various parameters (pH, CE,
Acid-Base Accounting (ABA), and leaching tests) to evaluate the potential impact of waste rock

on the surrounding environment.

a. Acid-generating potential assessment

The results of acid generating potential assessment are shown in Table 5-1 and Figure 5-8. The
samples studied showed high NP (38 to 991 kg CaCOs/t) and low AP (0.31 to 16 kg CaCOzs/t)
(Figure 5-8). The carbonates (dolomite and calcite) showed a high value of NP (500 to 991 kg
CaCOg/t), while siliceous samples showed lower NP values (38 to 360 kg CaCOs/t). The Net
Neutralization Potential (NNP) shows positive values for all samples ranging from (36 to 990 kg
CaCOs/t). According to the classification criteria proposed by Miller et al. (1991), all samples are
non-acid generating (NNP > 20 kg CaCOzs/t). The NP/AP ratio shows values higher than 2.5 which

means that PWR are non-acid generating.



Table 5-1: The results of C/S analysis and acid-generating potential assessment. AP: acid
generation potential, NP: carbonate neutralization potential; NNP: net neutralization potential;

NPR: Neutralization potential ratio.

Carbon Sulfur AP NP NNP NPR
% KgCaCOas/t

S2-11 4.72 0.39 12.19 393.18 380.99 32.26
S2-12 4.59 0.27 8.44 382.35 373.91 45.32
S2-13 11.90 0.03 0.94 991.27 990.33 1057.35
S2-14 10.75 0.07 2.19 895.48 893.29 409.36
S2-15 8.50 0.12 3.75 708.05 704.30 188.81
S2-16 6.45 0.23 7.19 537.29 530.10 74.75
S2-17 10.65 0.01 0.31 887.15 886.83 2838.86
S2-18 7.45 0.11 3.44 620.59 617.15 180.53
S2-19 7.98 0.11 3.44 664.73 661.30 193.38
S2-110 4.33 0.28 8.75 360.69 351.94 41.22
S2-111 6.75 0.12 3.75 562.28 558.53 149.94
S2-112 9.07 0.09 2.81 755.53 752.72 268.63
S2-113 10.95 0.08 2.50 912.14 909.64 364.85
S2-114 7.43 0.11 3.44 618.92 615.48 180.05
S2-115 11.60 0.08 2.50 966.28 963.78 386.51
S2-116 4.44 0.25 7.81 369.85 362.04 47.34
S2-117 3.44 0.05 1.56 286.55 284.99 183.39
S2-118 9.93 0.10 3.13 827.17 824.04 264.69
S2-119 3.80 0.02 0.63 316.54 315.92 506.46
S2-120 4.41 0.03 0.94 367.35 366.42 391.84
S2-121 4.20 0.03 0.94 349.86 348.92 373.18
S2-122 1.49 0.04 1.25 124.12 122.87 99.29
S2-123 1.68 0.40 12.50 139.94 127.44 11.20
S2-124 3.36 0.05 1.56 279.89 278.33 179.13
S2-125 10.15 0.11 3.44 845.50 842.06 245.96
S2-126 4.63 0.49 15.31 385.68 370.37 25.19
S2-127 0.94 0.50 15.63 78.30 62.68 5.01
S2-128 0.45 0.04 1.25 37.49 36.24 29.99
S2-129 9.01 0.03 0.94 750.53 749.60 800.57

S2-130 9.73 0.07 2.19 810.51 808.32 370.52
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Figure 5-8: Graph presenting the acid generation potential results

b. Semi-dynamic test: monolith leaching test

The Monolith Leaching Test (MLT) is an essential method for evaluating the potential
environmental impact of PWR. This test provides a comprehensive understanding of the leaching
behavior of contaminants present in waste rock for 64 days, helping to identify potential

environmental risks.
e Electrochemical analysis: pH, EC, and Eh

The results of pH, EC, and Eh are presented in Figure 5-9A. Regardless of the type of samples, the
evolution of pH, EC, and Eh in leachates showed a similar trend. The pH values remained alkaline

for the whole duration of the test ranging from 8.3 to 10. At the end of the test, the pH stabilized at
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9 +0.4. The EC values were low in the first days (ranging from 18 to 39 uS/cm) and increased after
the first week to attain values around 56 puS/cm, while the Eh was around 600 mV. The increase in
electrical conductivity at the end of the test is explained by the presence of salinity due to ions such
as sodium (Na*). Calcite and dolomite are the main phases of PWR, their pH of solution is above
9, while the pH of apatite and silicon solution is near 7 (Somasundaran & Wang, 2006). Therefore,

this is why the pH of PWR should behave as alkaline.

e Release of major (Ca, Mg, K, Si, Sr, and P) and trace elements (As, Ba, Cd, Cr, Se, U)
in MLT

Based on the results of mineralogical and chemical analysis, the major elements analyzed are Ca,
Mg, K, Si, Sr, and P. The concentration (ng/L) of major elements are presented in Figure 5-9B.
The main abundant concentrations (pg/L) are Si >1550, Mg >265, P >60, K >50, Ca >30, and Sr
> 5. In general, all these major elements had high mobility at the beginning of the test and after a
month they attained the stable state. High release of soluble major elements (Ca, Mg, K and Sr)
was identified in all samples. Most of these elements are contained in carbonates and phosphate
minerals. The pH of the leachate remained high due to the high neutralization potential of the
samples. The mobility of Si and P was higher in all samples than the other elements. Silicon is

provided by mainly silicate dissolution, while phosphor is provided by apatite dissolution.

Concentration of contaminants (As, Ba, Cd, Cr, Se, U) during the MLT are presented in Figure
5-9B. Low concentrations were measured during the first month, which then stabilized after this
period over time. The main abundant concentrations (pg/l) are ranging from: 0.5-1.2 for As, 0.5-
12 for Ba, 0.02-0.1 for Cd, 0.6-7.8 for Cr, 0.5-24 for Se, and 1-3 for U. The contaminants
concentrations were insignificant or below detection limits for the ICP-AES analysis. Comparing
these results with the USEPA and UTS standards (Table 5-2), we find that they are below the

regulatory limits, which could be considered as non-hazardous waste.
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Figure 5-9: A) Evolution of pH, EC, and Eh and B) Release of major elements (Ca, Mg, K, Si, Sr,
and P) and trace elements (As, Ba, Cd, Cr, Se, and U) during MLT.

C.

Static tests: TCLP and SPLP

Results of the toxicity characteristic leaching procedure (TCLP) tests and Synthetic Precipitation

Leaching Procedure (SPLP) are presented in Figure 5-10 and Figure 5-11.

e [Electrochemical analysis: pH

Figure 5-10 shows the behavior of initial and final pH for TCLP and SPLP tests for each sample.

The initial pH of the leachates in the TCLP test showed acidic values ranging from 3.47 to 5.52,
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At the end of the test the pH increased to attain circumneutral values. The TCLP test was performed
under acidic pH conditions (2.88 to 4.93 + 0.05) while the final pH attained circumneutral values
(pH = 6 £+ 0.6), which can be explained by the dissolution of neutralizing minerals (carbonates).
The initial and final pH of the SPLP test remains neutral to alkaline, ranging from 7 to 10 and 7.19
to 9.3 for initial pH and final pH, respectively. The initial SPLP pH values are all above 4.20,
whereas the SPLP solution has a starting pH of 4.20, mainly due to the high reactivity and
neutralization capacity present in the PWR samples.

12 4

8211 527 S2-19 S2-117 52123 S2-126 $2-130

Samples identity

[ Initial pH_SPLP B Initial pH_TCLP
B Final pH_SPLP @ Final pH_TCLP

Figure 5-10: Behavior of initial and final pH for TCLP and SPLP tests

¢ Release of major (Ca, Mg, K, Si, Sr, and P) and trace (As, Ba, Cd, Cr, Se, U) elements
in TCLP and SPLP tests

The results of major elements (Ca, Mg, K, Si, Sr, and P) in both tests are presented in Figure 5-11.
The concentration (mg/L) in TCLP and SPLP tests, respectively, is Ca <2560 and < 18, Mg <712
and <4.7, K<10and <4.18,Si<47and <74, Sr<1.23and <0.11, P<1.25 and 5.15. The release
of these major elements from PWR is influenced by several factors, including mineralogy and the
chemical of the rock and pH of the environment. The presence of apatite, calcite and dolomite

contribute to the release of P, Ca, Mg and Sr. Alkhraisat et al. (2010) investigated the effect of
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different pH levels on strontium release from strontium-containing hydroxyapatite (Sr-HA)
particles. The study found that acidic conditions led to increased strontium release, with pH levels
of 4 and 5 resulting in the highest amount of strontium release compared to neutral pH levels. While
the release of Si depends on the presence of siliceous minerals like quartz. The release of potassium
depends on the mineralogy of PWR, specifically the presence of potassium-bearing minerals such

as K-feldspar.

Figure 5-11 shows the release of As, Ba, Cd, Cr, Se, and U in both tests. The concentration of each
element is not similar; it depends on each sample. The mobility of As, Ba, Cd, and U is higher in
TCLP than in SPLP, of Cr and U is almost the same in most samples in both tests. On the contrary,
the release of Se is higher in SPLP than in TCLP. Qualitatively, for TCLP and SPLP tests the order
of trace elements release was Ba > Cd > As > U > Se > Cr, and Ba > Se > U > Cr > As > Cd,
respectively. Quantitatively, the chemical species release rates (ug/L) in each test TCLP and SPLP,
respectively were 0.5 — 14 and 0.5 for As, 103 — 793 and 2 — 47 for Ba, 3 — 95 and 0.02 — 0.52 for
Cd, 0.6 —-5.4and 0.6 —4.6 for Cr, 0.5—-5.3 and 4 — 13 for Se, 1 — 13 and 1 — 4.5 for U. This results
indicate that the release of trace elements in TCLP and SPLP (Table 5-2) is below the regulatory
limits (MDDELCC, 2013; USEPA., 2009; UTS, 2017).
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Figure 5-11: Release of major elements (Ca, Mg, K, Sr, and P) and trace elements (As, Ba, Cd,
Cr, Se, and U) during TCLP and SPLP tests

5.4.4 Comparison between static and semi-dynamic behavior of contaminants and

classification of residues

Static and semi-dynamic tests are commonly used in environmental assessments to evaluate the

behavior of contaminants in various materials or systems.

Generally, pH, leaching solution, particle size, reaction time, and agitation are all crucial factors
that play a significant role in determining the outcome of leaching (Elghali et al., 2022; Li et al.,
2006; Liu et al., 2022). The pH values at the end of the SPLP and MLT tests were alkaline (~10).
However, the pH values in the TCLP leachates were below neutral pH (< 7). It is important to note

that leaching capacity is highly related to the pH of the leaching environment (Krol et al., 2020),
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the more acidic the pH results, the higher the leaching of elements. Some metals (e.g., Cr, and Cd)
were not mobilized during the SPLP and MLT tests, whereas, compared to the results of TCLP
tests, they showed high concentrations, which means the important role of the leaching solution
(deionized water in MLT, nitric and sulfuric acid in SPLP, and acetic acid in TCLP), because acetic
acid could complex metal, and therefore, increase its mobility (Jouini et al., 2019). Se concentration
was significant in the leachates of the MLT and SPLP tests. However, the Se concentration during
the TCLP test was much lower than that measured in the MLT leachates. This could be explained
by the difference in pH values during leaching (Torres et al., 2011). The solubility of the elements

increases with increasing pH.

The particle size of the samples can greatly affect the reaction kinetics and the release of elements
(Elghali et al., 2019). Smaller particle sizes (i.e., TCLP and SPLP < 9.5 mm) provide a larger
surface area, facilitating the contact between the leaching solution and the solid material, and
allowing for more efficient reactions and increased reaction rates (Liu et al., 2022; Stober et al.,
1968). Conversely, larger particle sizes (i.e., MLT > 3 cm) exhibited lower extraction efficiency
due to reduced surface area and slower leaching rates. Additionally, the presence of agitation and
the duration of the reaction time can significantly impact reaction rates and yields. Agitation
promotes mixing and enhances mass transfer, improving the contact between reactants and
facilitating faster reactions. These findings highlight the crucial role of particle size, agitation, and
duration of the reaction in leaching tests (TCLP and SPLP for 18 h, while MLT is designed to
simulate the long-term leaching for 64 days) and emphasize the need to carefully consider and

control them when designing and conducting such experiments.

The major elements Ca, Mg, K, and Sr were much more leached during the static TCLP and SPLP
tests. Indeed, as expected, the leaching depends on the type of sample (crushed or monolith). For
all the crushed samples (TCLP and SPLP tests), the elements' leaching was higher than that
observed for the samples of whole blocks (MLT). This is attributed to the increased surface area
of the ground sample with the leaching solution. This finding suggests that using crushed samples
for leaching tests may provide a more realistic representation of the potential release of
contaminants from the materials in question. Concerning Si and P, their concentrations were very

similar in the leachates of the static tests, which is near to that obtained from the MLT test.
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The study of PWR upstream of the operating sequence - trough leaching tests - shows that all the
samples had concentrations below the limits for non-hazardous waste (Table 5-2) fixed by the
United States Environmental Protection Agency (USEPA) regulations and the worldwide or
universal treatment standard (UTS) (USEPA, 1992; USEPA., 2009). According to these standards,

the PWR of the Benguerir mine in Morocco could be considered as non-hazardous waste.

Table 5-2: Average TEs concentrations of the trace elements in the leachates collected after

TCLP, SPLP, and MLT tests relative to standard regulations.

As Ba Cd Cr Se U
USEPA 5000 100 x10? 1000 5000 1000 2000

UTS 5000 21000 110 600 5700 -

Standards
(ug/L)

TCLP  7.2+6.7 448 +345 49 +46 3.0+2.4 3.0+24 7 +6
SPLP 0.5 24.65+£22  027+£025 2.575+19 6.85+6.35 2.75+1.75
MLT 1.15+£0.65 20.15+19 0.775+7.55 42+36 122+117 2515

Tests
(ng/L)

5.5 Conclusions

The present study evaluated the geochemical and environmental behavior of PWR by carrying out
chemical and mineralogical characterizations and leaching tests. This study aims to provide a full

characterization of PWR samples. The results obtained lead to the following conclusions:

e The mineralogical characterization revealed that the PWR is mostly composed of calcite,
dolomite, apatite (carbonate fluor apatite), and quartz with the presence of minor phases
such as clay minerals (feldspar and mica) and Fe oxides as identified by QEMSCAN.

e Chemically, major oxides in the interburdens samples are dominated by CaO and MgO,
followed by SiO; and P>Os. Seven lithologies are identified in the Benguerir mine:
limestone, dolomite, phosphated flint, indurated phosphate, flint, silexite, and marly clay.
Trace elements can be classified into three groups: i) group of Zn and Cr (>150 ppm) ii)
group of Ba, V, Ni, Zr, Y, U, Cu, Cd, Co (10 to 150 ppm), and iii) group of TEs with
relatively low concentrations (<10 ppm): Rb, Pb, As, Mo, Se, Sc, Ga, Nb, Th, Hf, Sb and
Cs.

e Environmentally the PWR samples are:
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i)  exhibit high neutralizing potential,
ii) The pHs of the leachates are neutral to alkaline for all the samples,
iii) The results of the static and semi-dynamic tests have confirmed the non-hazardousness

of the waste.

Therefore, the studied PWR cannot be classified as hazardous waste and could be considered

natural raw materials for use in different sectors.
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ECONOMIC EVALUATION
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6.1 Abstract

This paper highlights an issue that has not received much attention, which is the use of phosphate
waste rock (PWR) in road embankments. This study focuses on the valorization of marly clay and
marly limestone lithologies, which are abundant but often unused or undervalued, being simply
deposited around mine sites. Investigating the potential use of these materials in road embankments
requires a combination of experimentation, stability analysis, and economic evaluation. The
materials were collected from mining trenches in the Benguerir mine (Morocco). The samples were
subjected to 1) chemical and mineralogical characterization; i1) environmental characterization; and
1i1) geotechnical characterization. The results of the characterization show that the samples are
chemically dominated by CaO (12-33 wt%), SiO> (23-38 wt%), and MgO (7-9 wt%);
mineralogically, the main phases are quartz, calcite, dolomite, apatite, and clay minerals. The

environmental characterization classified the studied materials as non-hazardous waste. In terms
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of geotechnical characterization, the marly limestone and marly clay belong to the A3 and R33
categories, which means that they can be successfully used as a sustainable alternative material for
the embankment. This finding supports their safe utilization. The stability analysis reveals that
embankments up to 10 m in height can be constructed with marly clay without significant physical
instability risks. Satisfactory safety factors (SF) were found (SF =1.97 for H=5 m and SF = 1.54
for H =10 m). For marly limestone, the height limit is less than 10 m (SF = 1.74 for H =5 m and
SF =1.33 for H= 10 m), but it can be increased to 10 m by adding a bench of rock fill with a safety
factor of 1.64. Finally, an economic evaluation demonstrates that PWR can be used as embankment
materials within a radius of 28 km around the mine site. It appears to be a cost-effective alternative

compared to conventional materials.

Keywords: phosphate waste rock, sustainability, road embankments, stability analysis.

Nomenclature
Gt Gigatonne
PWR Phosphate waste rocks
LA Los Angeles Abrasion value
MD Micro-Deval value
CBR California bearing ratio
CO0/SA Interburden codes
C3/C2 Interburden codes
ICP-AES Inductively coupled plasma - atomic emission spectrometry
QAM Quantitative automated mineralogical
TCLP Toxicity characteristic leaching procedure
PSD Particle size distribution
MBV Methylene blue test value
uCsS Uniaxial compressive strength
TS Total sulfur
TC Total carbon
XPS Expert process solutions
EDS Energy dispersive spectrometers
AP Acid generation potential
NP Neutralization potential
NNP Net neutralization potential
USEPA United states environmental protection agency
GRE Guide for road earthworks
LL Liquid limit
PL Plastic limit

PI Plasticity index
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UCS Uniaxial compressive strength

SF Safety factor

H Height embankment

o Embankment slope

L Width of surface layer

LOI Loss on ignition

D.L Detection limit

D max Maximal particle size. [In mm

D 85% The size for which the passing distribution is equal to 85 %, in mm
Wopn Optimum Moisture content

Yd max Maximum dry density

C Effective cohesion

¢' Effective friction angle

R33 Subclass code of R3 “Marly rock: low fragmentability and low degradable “
A3 Class code “Clays and marly clays, very plastic silts”
Azm Subclass code of A3 “3 <IPI <10

iziﬁ Embankment slope

CAPEX Capital expenditure

P Purchase of materials

R Radius of profitability

T Cost of transport

CE Expansion coefficient

opP Other prices (implementation, extraction, loading...)
PM Profit margin

SP: Sale price

MAD Moroccan dirhams

6.2 Introduction

Construction materials are expected to increase significantly from 35 Gt in 2011 to 82 Gt in 2060
(Oberle et al., 2019). Given their close ties to investment and construction requirements, as well as
the lack of high-value recycling, their use will increase particularly quickly shortly. Construction
materials requirements play a crucial role in the field of civil engineering, as they directly impact
the quality and durability of construction projects. Factors such as project specifications, budget
constraints, and environmental considerations significantly influence the raw material
requirements in civil engineering (Allen & lano, 2019). Additionally, sustainable approaches to

raw material management have gained traction in recent years, aiming to minimize waste, reduce



115

environmental impact, and promote long-term sustainability (Derakhshanalavijeh & Teixeira,

2017).

At the same time, large amounts of mining waste rocks are produced annually by phosphate mines
(Chlahbi et al., 2023; El Ghorfi et al., 2024; Yang et al., 2014). Due to the production of enormous
open voids, surface mining typically results in greater land use and degradation than underground
mining (Morin & Hutt, 2001). This issue poses significant environmental challenges. Within the
context of the circular economy and the goals of sustainable development, phosphate waste rocks
(PWR) could be an alternative resource in the construction industry (Taha et al., 2021). This
solution will preserve natural resources and reduce the environmental impact of this waste. To
minimize the footprint of PWR management, sustainable practices, and technological
advancements are crucial. Sustainable practices such as waste rock reclamation, valorization, or
reuse and reprocessing can help in mitigating these impacts. By reclaiming waste rock through
techniques such as contouring and regrading, the land can be restored to its pre-mining condition,

reducing the ecological footprint of waste rock management.

Many examples have been examined in the literature to valorize and reuse mining waste as
alternative raw materials. The aim is to produce construction and building materials from mining
waste, such as road construction, fired bricks, ceramics, lightweight aggregates, concrete, mortar.
For example, Amrani et al. (2019) focused on the use of PWR in the construction of a mine haul
road in the Gantour mine area in Morocco. The researchers reported that the waste rock was able
to meet the required specifications for road construction, including stability, durability, and
resistance to deformation. This successful application demonstrated the potential of utilizing PWR
as a viable alternative to traditional road construction materials. Mining waste can also be utilized
as an alternative raw material in the production of aggregates for concrete and fine sands for mortar
(Argane et al., 2015, 2016; El Machi et al., 2021a; Loutou et al., 2013). In addition, mining waste
can be used as alternative materials to produce fired bricks (Loutou et al., 2019; Mouih et al.,
2023a; Oubaha et al., 2022; Taha et al., 2016b, 2017b), cementitious materials (Bahhou et al.,
2021a; Peyronnard et al., 2011), and high performance ceramics and lightweight aggregates by
using phosphate sludge and clay byproduct from phosphate mines (Bayoussef et al., 2021b;

Bayoussef et al., 2021a; Loutou et al., 2013). It may be possible to preserve natural resources and
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lessen the environmental impact by valuing or reusing the PWR as alternative raw materials

(Loutou et al., 2019; Safhi et al., 2022).

The reuse of mining waste rock as road embankment material was investigated recently and has
shown that their repurposing can offer several benefits (Ahmed et al., 2014; Amrani et al., 2020;
Amrani et al., 2019; Durante Ingunza et al., 2020; Malaoui et al., 2023; Segui et al., 2023). Amrani
et al. (2020), examined the potential of using coal mine waste rocks as an alternative material for
road construction (embankments and pavement layers), while also promoting sustainable waste
management and conserving natural resources. Their experiment's findings proved that weathered
coal mine waste rocks could potentially be utilized successfully as a sustainable alternative material
for the embankment. Additionally, using coal mine waste rocks in road sub-base layers for high-
trac pavements is permitted by applying stabilizing agents (fly ash and hydraulic road binder)
(Amrani et al., 2020). Malaoui et al. (2023) tested PWR (phosphatic limestone and limestone) from
Kef-Essenoun mine in Algeria to be used in road pavement and foundations built. The geotechnical
findings show that Los Angeles Abrasion (LA) and Micro-Deval (MD) values ranged from 59.9 to
90.4 % and 42.0 to 86.3 % for phosphatic limestone and from 43.6 to 95.8 % and 38.2to 75 % for
limestone, while the CBR values of phosphatic limestone and limestone were found to be 10.5 %
and 18.7 %, respectively. These results showed that these materials could be used in capping layers

and pavement backfilling but must be treated with a hydraulic binder to improve their properties.

Failures of road embankments are a major infrastructure and transportation concern. It is essential
to recognize the main factors contributing to instability in road embankments in order to implement
effective mitigation strategies (Johnston et al., 2021; Xie et al., 2023). Failures can result from
inadequate compaction during construction, the presence of weak soils like clay or peat, and poor
drainage leading to excess pore pressure (Estabragh et al., 2004; Mori et al., 2012; Rapti et al.,
2018; Xie et al., 2023; Yamaguchi et al., 2012). Identifying these factors is essential for devising
effective solutions that mitigate road embankment failures. Generally, road embankment's major
failure modes are: circular arc failure, sliding block failure, infinite slope failure and lateral squeeze
of foundation soil (Azarafza et al., 2021; Collin et al., 2005). These failure modes can be classified
as internal or external (Kiser & Kolay, 2013). Internal stability problems (i.e., infinite slope failure)
within embankments can be caused by poor-quality embankment materials or adequation

compaction of embankment; While external stability problems (i.e., circular arc failure, sliding
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block failure, and lateral squeeze of foundation soil) can be caused by the overstressing of the

foundation sol, vibration and drawdown (Collin et al., 2005; Kiser & Kolay, 2013).

The current paper presents the importance of mine waste utilization and drives the objectives of a
circular economy by transforming what is conventionally considered 'waste' into valuable
construction materials. The objective of this study is to evaluate the potential reuse of specific
lithologies (marly limestone and marly clay) collected upstream of the mining chain in the
Benguerir mine as an alternative material for road embankment. However, the availability of
suitable materials for constructing embankments is becoming a growing concern due to the
depletion of natural resources and environmental considerations. These lithologies are abundantly
available and can potentially serve as sustainable substitutes for traditional embankment materials
(Chlahbi et al., 2023). Utilizing these materials in road embankments can reduce the need for
traditional construction materials. It can help to conserve natural resources and reduce the
environmental impact of sourcing and transporting these materials. Additionally, utilizing these
materials can also have economic benefits, such as reducing the cost of road construction because
the mining companies can sell their waste material to construction companies at a lower cost than
traditional materials. The evaluation will involve assessing their experimental insights, stability
analysis, and initial economic evaluation to determine their suitability for embankment
construction. Experimentation aims to understand the behavior of these materials and determine
their suitability for embankment construction. This involves conducting various laboratory tests to
analyze the physical and geotechnical properties of marly limestone and marly clay. Stability
analysis is another important aspect to consider when using these materials in embankment
construction. This involves assessing the stability of the embankment under different conditions
by considering slope stability. The preliminary economic evaluation was also considered in this
study to determine the profitability radius. Additionally, the paper will investigate the chemical
and mineralogical analysis and environmental impact of using these materials. Additionally, the
paper will investigate the chemical and mineralogical analysis and environmental impact of using

these materials.
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6.3 Materials and methodsMine site location and sampling strategy

The PWR samples were collected from the interburden presenting an important thickness; located
in the Benguerir mine, Morocco (Figure 6-1A). The study area constitutes one of the parcels of the
Gantour basin; it’s a sedimentary phosphate deposit (El Bamiki et al., 2021), extracted by an open-
pit mining method. Based on the thickness of the waste interburden (Chlahbi et al., 2023) and for
an area of 9 Mm?, which corresponds to an area of panel 8, the volume of the main facies is
presented in Figure 6-1B. The marly limestone and marly clay facies present a significant potential
of 27 Mm? and 22 Mm?, respectively. These two lithologies are mixed with the other facies and

deposited in surface waste rock piles.
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Figure 6-1: Schematic description of the study area. A) Mine site location and lithological

section. B) Estimated the volume of the main facies.
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6.3.2 Methodology

In this study, the embankment was examined according to an experimental protocol (field tests are
not presented in this study) involving the examination of these two lithologies (marly limestone
and marly clay) as raw material. According to Chlahbi et al. (2023), the litho-stratigraphic
correlation in the Benguerir deposit appears to be relatively stable in space, it has more or less the
same facies and the same interburdens. For this purpose, the sampling approach consisted of
collecting samples from two locations (panel 4 and panel 5 of Benguerir mine) upstream of the
mining chain. The marly limestone and the marly clay were, respectively, collected from CO/SA
and C3/C2 interburdens. For each facies, one tone of the sample was collected from the top, middle,
and bottom along the interburden. These samples were then homogenized in situ by loader truck
and transported to the laboratory for further analysis. In the laboratory, the collected samples were
crushed, homogenized by using quartering, and analyzed for their chemical properties,
mineralogical composition, environmental behavior, and physical and geotechnical characteristics.
The methodology used in this study is summarized in Figure 6-2. The main goal of this
methodology is to provide a comprehensive approach for the efficient and effective valorization of
PWR, with the ultimate goal of promoting sustainability. By following this approach, future
researchers can easily adapt and implement this methodology anywhere, regardless of their location
or resources. This not only encourages the reuse of mining waste but also contributes to the circular

economy by creating a closed-loop system where materials can be continuously repurposed.
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Figure 6-2: Summary of the methodology used. ICP-AES: inductively coupled plasma-atomic
emission spectrometry. QAM: quantitative automated mineralogy. TCLP: toxicity characteristic
leaching procedure. PSD: particle size distribution. MBV: methylene blue test value. UCS:

uniaxial compressive strength. LA: Los Angeles abrasion value. MD: Micro Deval value.

a. Chemical and mineralogical characterization

The bulk chemical composition analysis of the different samples was conducted at Actlabs
(Ontario, Canada). In order to determine the major elements (SiO2, AlO3, Fe2O3, CaO, MgO, and
P20s), a fusion decomposition technique followed by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) analysis was employed. By using an induction furnace (ELTRA CS-2000;
detection limit of 0.09%), the total sulfur (TS) and total carbon (TC) contents were determined.
Due to the presence of carbonate rocks, the carbonate content was determined on milled samples

(~ 50 um) by using a calcination technique at the furnace (950°).
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The mineralogical characterization of a sample was conducted using the quantitative automated
mineralogical (QAM) technique at Expert Process Solutions (XPS) in Sudbury, Ontario, Canada.
This method is known as Quantitative Evaluation of Materials by Scanning Electron Microscopy
(QEMSCAN®, FEI, Quanta 650 platform with Field Emission Gun). The QEMSCAN technique
utilizes a collection of rapidly captured X-rays to generate particle maps that are color-coded by
minerals. This allows for a detailed analysis of the mineral composition of the sample. The
equipment used in this process is equipped with 30 mm? Bruker SDD energy dispersive

spectrometers (EDS).

b. Environmental characterization

The environmental behavior of the samples from the study area was assessed using acid generation
potential (AP) and static leaching test: toxicity characteristic leaching procedure (TCLP). The AP
was calculated using sulfur sulfide content according to equation (6.1) and carbonate neutralization
potential (NP) using total carbon content according to equation (6.2) (Miller et al., 1991; Sobek,
1978). By subtracting the AP from the NP, the Net neutralization potential (NNP) was determined
(Weber et al., 2004). The sample is considered non-acidogenic if its NNP is higher than 20 kg
CaCOg/t, uncertain its NNP value is in the interval =20 and 20 kg CaCOs/t, and acid generating if
its NNP is lower than —20 kg CaCOs/t (Bouzahzah et al., 2015; Elghali et al., 2018; Elghali et al.,
2023; Sobek, 1978).

AP = 31.25 X S fide (kg CaC05/t); (6.1)
NP = 83.3 X Croras (kg CaC05/t); (6.2)

The TCLP was performed to assess the inorganic species mobility (USEPA, 1992) by using leach
solution (acetic acid and sodium hydroxide (pH= 4.93 + 0.05)) (Jong & Parry, 2005; USEPA,
1992). Leachate samples were filtered through a 0.45 m nylon mesh filter and immediately
acidified with 2% v/v HNOj for preservation. ICP-AES was then used to evaluate the chemical
composition. The results of the chemical concentrations of the standardized chemical species were
compared with the United States Environmental Protection Agency (USEPA) regulation (USEPA.,
2009).
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c. Geotechnical characterization

To determine the physical and geotechnical proprieties, laboratory tests have been carried out. The
two facies were classified according to Guide for Road Earthworks (GRE) NF P11-300. The main
aims of this guide are to classify materials and present the conditions for using them in
embankments. The identification tests of the material samples consist of analyzing particle size
distribution (PSD), Atterberg limit, and methylene blue value. The PSD was determined using dry
sieving for coarse particles according to the standard NF-P94-056. The Atterberg limit test was
carried out to determine the liquid limit (LL), plastic limit (PL), and plasticity index (PI) according
to NF-P94-051 and NF-P94-052-1 standards, and the methylene blue value (MBV) was measured
on the 0/5-mm fraction to determine the adsorption capacity of material according to the standard
NF-P94-068. Several tests were carried out to evaluate the mechanical behavior and the resistance
of the material regarding the fragmentation, the wear, and the PSD evolution under the effect of
mechanical solicitations. The uniaxial compressive strength (UCS) test was carried out in
accordance with the NF P94-420 standard. In accordance with NF EN 1097-1 and NM.10.0.138,
the fraction +10/-14 mm was selected for the determination of the Los Angeles abrasion value (LA)
and Micro Deval value (MD). According to NF P94-066 and NF P94-067, the samples' resistance

to fragmentation coefficient and degradability coefficient were assessed on the 40/80 mm fraction.

The compaction characteristics were determined by the Proctor test in accordance with the standard
NF P94-093. These characteristics are optimum moisture content (Wopn) and maximum dry density
(vd max). For studying the behavior of these materials after compaction, triaxial tests were carried
out on reconstituted materials under consolidated-undrained conditions, including the
measurement of interstitial pressure. The triaxial test enables us to determine the intrinsic
parameters (effective cohesion (c') and effective angle of friction (¢')). The intrinsic parameters are
used as input in the stability analysis. The reconstituted material specimens were prepared by
ramming/kneading/vibrating the material in several layers inside a split mold, with the membrane
placed inside. It is advisable to wait sufficiently (16 h) before compaction so that the water mixed

with the material is distributed evenly throughout the soil mass (NF EN ISO 17892-9, 2018).
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d. Modeling stability analysis

Stability analysis is a key factor in the design of road embankments, as it ensures the safety and
durability of these structures. This analysis involves understanding the importance and purpose of
stability analysis in road embankment design. It allows us to assess the stability of the embankment
and identify potential failure modes, such as slope instability. By understanding these risks, we can
make informed decisions during the design process to mitigate them and ensure the long-term

stability of the road embankment.

The stability of the embankment and the safety factor (SF) can be evaluated after determining the
properties of the soil (i.e., physical and mechanical properties) through laboratory testing (Ahangari
Nanehkaran et al., 2022). The safety factor is defined in equation (6.3). The safety factor used for
stability calculations is SF > 1.5 (Day, 2010).

GF — Resisting strength
~ Forces causing failure

(6.3)

Modeling of embankment behavior was studied to understand the failure mode of embankments.
Several techniques are available such as limit equilibrium methods, limit analysis, and finite
element methods (Bishop, 1955; NAVFAC, 1982). Many studies comparing finite element
approaches and classical limit equilibrium have demonstrated that the obtained results stay
relatively similar (Cai & Ugai, 2001; Goktepe & Keskin, 2018; Memon, 2018; Wubalem, 2022).
To carry out our study on slope stability, we chose to use the limit equilibrium method, which is
considered as the most used to analyze the stability of slope (Azadi et al., 2022; Inabi et al., 2023;
Mamat et al., 2019).

The bishop slice method (Bishop, 1955) has emerged as a reliable tool for analyzing stability and
predicting potential failure mechanisms. The bishop slice method allows us to understand the
factors contributing to slope failure, such as soil properties, water content, and overall slope
geometry. By dividing the slope into multiple slices, each representing a small section of the
embankment, the method calculates the SF for each slice based on the forces acting on it. This
analysis provides valuable insights into the stability of the embankment and helps identify potential

failure modes.
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The geometry of the embankment, including its height (H), Embankment slope (o), and width (L),
must be defined (Figure 6-3). This information determines the overall shape and dimensions of the
embankment, which directly impacts its stability. For our study, these parameters represent the
input parameters. An embankment slope of 1V:2H was chosen with a width of 12 m, which
corresponds to the width of two-way national Moroccan roads (GMTR, 2002). Additionally, a load
of 20 KN/m? distributed over the road was considered (GMTR, 2002).

Load
YV V.V V.V V V VvV VY
- - - — — — — — — — >

L

[ . Embankment Embankment slope
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i (C ¢’andY) a
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Figure 6-3:The geometry of the embankment model used.
6.4 Results and discussion
6.4.1 Experimental insights

a. Chemical and mineralogical composition

The chemical and mineralogical composition of marly limestone and marly clay are presented in
Table 6-1. Major elements in marly limestone and marly clay samples are dominated by CaO (12
-33 wt.%) and SiO2 (23 - 38 wt.%), followed by MgO and P05 (0.6 - 6.4 wt.%). The other elements
are less than 1.5 wt.%, except for Crotal. The loss on ignition (LOI) shows a high value for both
samples (> 25 %), which means that when these samples are heated to high temperatures, they lose
> 25 % of their original weight. This weight loss is primarily due to the evaporation and combustion
of volatile compounds, such as water, carbonates, and organic matter, present in these samples. For
this purpose, the carbonate content was determined. The results indicate that carbonate content was

29 wt.% and 21 wt.% for marly limestone and marly clay, respectively.
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The results of the automated mineralogy analyses show the presence of five main phases including

quartz, calcite, dolomite, apatite, and clay minerals. The other phases are less than 4 wt.%. Marly

clay shows a high concentration of clay minerals phase (67 wt.%) and dolomite (13.5 wt.%). The

Marly limestone sample presented high concentration of carbonate minerals: calcite (33 wt.%) and

dolomite (18.7 wt.%), while this sample exhibited the low content of clay minerals (11 wt.%),

which could provide good mechanical features.

Table 6-1: Chemical and mineralogical composition.

Marly limestone Marly clay
Samples
S1 S2
Major element (wt. %)
D.L (%)
SiO» 0.01 23 38
AlLO3 0.01 2 10
Fe20s 0.01 0.6 4.5
CaO 0.01 33 12
MgO 0.01 7 9
P>0s 0.01 6.4 0.6
Others - 0.8 1
LOI - 27 25
C Total 0.09 6.1 4.5
S Total 0.09 0.2 0.01
Carbonate content - 29 21
Mineralogical composition (wt. %)

Calcite 33 7
Dolomite 18.7 13.5
Apatite 19 0.2
Quartz 15 9
Clay minerals 11 67
Others 3 4

b. Environmental Behavior of Materials

Figure 6-4 shows the results of the acid-generating potential assessment. The marly limestone and

marly clay samples showed high neutralization potential (507 — 376 kg CaCOs/t, respectively) and

low acid potential (7.5 and 0.6 kg CaCOs/t, respectively). This indicates that they can neutralize

acidity and maintain a balanced pH level. The net neutralization potential (NNP = NP - AP) shows
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positive values for all samples ranging from 500 to 375 kg CaCOs/t. According to the classification
criteria proposed by Miller et al. (1991), all samples are non-acid generating (NNP > 20 kg
CaCOg/t). This is a significant finding, as it suggests that these samples are not likely to harm the

surrounding environment.
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Figure 6-4: Graph representing results of acid generation potential by ABA tests. AP:

acidification potential. NP: neutralization potential. NPAG: non-potentially acid-generating.

PAG: potentially acid-generating.

The Toxicity characteristics leaching procedure (TCLP) was carried out to determine the release
of contaminants (As, Ba, Cd, Cu, Cr, Se, and U). The results of leaching for marly clay and marly
limestone using the TCLP are summarized in Table 6-2. The environmental behavior of marly clay
and marly limestone trough leaching tests shows that all concentrations are below the limits
recommended by the United States Environmental Protection Agency (USEPA) standard.

According to this standard, marly clay and marly limestone of the Benguerir mine could be
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considered non-hazardous waste. The use of these non-hazardous waste in road embankments has
several implications. It provides a cost-effective and sustainable solution for the disposal of this
waste material (Amrani et al., 2020). Using it in road construction avoids the need for additional
landfills and reduces the environmental impact of storing it in large piles. Additionally, it is an
alternative to traditional materials, such as natural aggregates, which are becoming increasingly

scarce (Hakkou et al., 2016; Taha et al., 2021).

Table 6-2: Results of environmental characterization.

Trace element (ng/L)
Test Sample
As Ba Cd Cu Cr Se U
Marly limestone (S1) 400 3085 108 2 7 <100 <100
TCLP
Marly clay (S2) 600 3060 151 3 6 <100 <100
Standard (USEPA) 5000 100x10* 1000 - 5000 1000 2000

¢. Physical and geotechnical properties

The results of the physical and geotechnical identification tests are summarized in Table 6-3. The
PSD of both samples: marly limestone and marly clay (Figure 6-5) shows a maximum diameter of
20 mm and a D 85 of 12 and 2.5 mm, respectively. The results of the methylene blue values
obtained from both samples vary between 5 and 7, which indicates the presence of a clayey fraction.
The results of Atterberg limits tests showed that marly limestone and marly clay exhibited a

plasticity index higher than 23, which means that they are plastic.

The uniaxial compressive strength (UCS) of both samples was less than 9 MPa. Additionally, the
values of Los Angeles and micro-Deval tests were, then 50% and 35 %, respectively, for the marly
limestone. Marly limestone has been found to be low resistant to attrition, contain moderately high
percentages of carbonate, low amounts of clay minerals, and have high to low mechanical
proprieties. Adequately high strength properties and high resistance to attrition are essential for
acceptable construction performance (Mohamed Ali & Yang, 2014). It’s therefore not appropriate
for use as materials for road construction (NF EN 12620). The fragmentability and degradability
tests were conducted in order to simulate the particle degradation that occurs in the field. These

experiments evaluated the resistance to breakage and the susceptibility to the effects of wetting-
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drying cycles. The fragmentability and degradability for marly limestone are less than 7 and 5,
respectively (NF-P11-300, 1992), which means that marly limestone is poorly fragmentable and
degradable. Compared to the findings of the mechanical proprieties (UCS, LA, and MD),
fragmentability and degradability tests show that the marly limestone has properties that make it
resistant to breaking apart or decomposing easily. This characterization shows their suitability to
be used as construction materials in road embankments. However, for marly clay, we were not able

to measure LA, MD, fragmentability, and degradability, due to the high clay mineral content.

Table 6-3: Physical and geotechnical properties of marly limestone and marly clay (NM: non-

measured)
Samples . Marly Marly
limestone clay
S1 S2
Physical proprieties
D max mm 20 20
D 85 mm 12 2.5
Methylene blue value (MVB) - 5 7
Liquid limit (LL) % 53 55
Plastic limit (PL) % 29 28
Plasticity index (PI) % 24 27
Geotechnical properties
Uniaxial compressive strength (UCS) MPa 8 0.1
Los Angeles (LA) % 95 NM
Micro Deval (MD) % 98 NM
Degradability - 3 NM
Fragmentability - 7 NM
Optimum Moisture content (Wopn) % 22.2 23.1
Maximum dry density (Yd max) t/m? 1.352 1.518
Friction angle Degrees 18 16
Cohesion kPa 11 17
Material classification (Setra & LCPC, ] R33 A3

1992)
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Figure 6-5: Particle size distribution of marly limestone and marly clay samples.

The results of the triaxial tests, as displayed in Table 6-3 Figure 6-6, provide valuable insights into
the behavior of marly limestone and marly clay under different rupture states. Mohr circles (Figure
6-6A2 and B2) illustrate the effective cohesion (c’) and effective friction angle (¢’) of these two
materials. It is observed that the effective cohesion of marly limestone is 11 kPa and 17 kPa for
marly clay. Similarly, the effective friction angle of the marly limestone is recorded at 18°, while
that of marly clay is slightly lower at 16°. Figure 6-6A1 and B1 show the evolution of the deviator
stress (q = o1 — 03) according to the axial strain for the three applied confining pressures (o) (140
kPa, 300 kPa and 500 kPa for marly limestone and 160 kPa, 300 kPa, and 500 kPa for marly clay).
The non-linearity of the deformation curves is visible, almost at all levels of deformation.
Furthermore, this deformation curve closely matched the usual behavior of conventional materials
(Amrani et al., 2021). The peak of deviator stress obtained at low strain increases at high confining
pressure. Moreover, the responses to deformation show a significant contraction phase followed
by a slight expansion phase for large deformations. The strain curves show that the mechanical
behavior of the marly limestone and marly clay samples match that of granular material that

contains cohesive elements.
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Figure 6-6: Triaxial test results: A) Marly limestone and B) Marly clay. Al and B1: Variation of

deviatoric stress according to axial strain. A2 and B2: Mohr cycles. oc: confining pressure.

The Proctor tests conducted for the two samples, marly limestone, and marly clay, have yielded

considerable results. In the case of marly limestone, which represents marly limestone, the

maximum dry density obtained was 1.35 t/m?. This indicates the maximum mass of the material

per unit volume that can be achieved when it is compacted to its highest extent without the presence

of moisture. It is interesting to note that this density was achieved at the optimum moisture content

(Wopn) of 22.2%. Similarly, for sample marly clay, which represents marly clay, the Proctor tests

revealed a maximum dry density of 1.52 t/m?. This density was achieved at the optimum moisture

content (Wopn) 0of 23.1%. The variations in maximum dry density and optimum moisture content

between marly limestone and marly clay suggest that each material has unique characteristics that

influence their compaction behaviors.

According to the results of the physical and geotechnical characterization, the studied samples

marly limestone and marly clay, respectively, belong to the R33 and A3 categories (Setra & LCPC,
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1992). This means that the marly limestone corresponds to marly rock, characterized by the fact
that it has a structure (usually carbonate) that is more or less resistant, poorly fragmentable, and
degradable, releasing fine, plastic particles (Setra & LCPC, 1992). Marly clay corresponds to marly
clay soil, very cohesive with medium to low water content, and sticky or slippery when wet
(Chlahbietal., 2023; Setra & LCPC, 1992). Thus, these materials can be utilized in the construction
of road embankments according to the compaction table as proposed by the guide to earthworks,

embankments, and subgrade construction (Setra & LCPC, 1992).

6.4.2 Stability analysis

In this work, the software Terrasol/Talren (v.6.1.9) was used to investigate the embankment slope
stability. The application generates an embankment SF after defining all material proprieties,
dimensions, the presumed failure surface (circle radius and position), and the failure analysis
method (Bishop). The failure surface was first assumed, and the failure surface with the lowest
safety factor was then found. The software was designed to model several scenarios for each
lithology: marly clay (y = 18 kN/m?, ¢’= 17 kPa and ¢’= 16°) and marly limestone (y = 18 kN/m?,
¢’=11kPaand ¢’ = 18°). For this purpose, seven scenarios were considered (Table 6-4). Scenarios
1, 2, and 3 correspond to the use of marly clay under normal rainfall conditions and without
significant evaporation, with an embankment height of 5, 10, and 12 m. Scenarios 4 and 5
correspond to using marly limestone under normal rainfall conditions, with or without significant
evaporation, with an embankment height of 5 and 10 m. Scenario 6 uses marly limestone at H> 10
m with specific studies (adding a bench). Scenario 7 uses marly limestone at H > 10 m with specific

studies (changing the Embankment slope).

The results of slope stability analysis of the marly clay and marly limestone are plotted in Figure

6-7, and Figure 6-8. Table 6-4 presents each scenario's description and corresponding SF.
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Table 6-4: Description of each scenario along with a corresponding. (SF: safety factor).

Scenario Description of the case Embankment Embankment SF
Number slope height (m)
1 Use of marly clay under normal rainfall 5 1.97
2 conditions and without significant 10 1.54
3 evaporation 12 1.48
4 Use of marly limestone under normal 5 1.74
5 rainfall conditions, with or without 1V:2H 10 133

significant evaporation
Use of marly limestone at H> 10 m

6 with specific disposition (adding a 10 1.64
bench)
Use of marly limestone at H> 10 m

7 with specific studies (changing the 1V:3H 10 1.80
Embankment slope)

The use of class A3 materials (Azm) in low rainfall conditions and without significant evaporation,
particularly at an average embankment height of less than 10 m, is strongly recommended by guide
to earthworks, embankments, and subgrade construction (Setra & LCPC, 1992). This
recommendation has been validated through the different simulations performed (Figure 6-7,
Figure 6-8, and Figure 6-9). When examining the stability of embankments, for scenario 1 (H=5
m) the SF was found to be 1.97 (Figure 6-7A). This high SF (1.97) was expected due to the low
design height (H = 5 m). While it was found that even at a height of 10 m, the SF remained at a
satisfactory level of 1.54 (Figure 6-7B). However, when the height was increased to 12 m, the SF
decreased to 1.48 (Figure 6-7C). This indicates that there is a decrease in stability when the
embankment height exceeds 10 m. The embankment, which is built below the critical height, serves
as a vital control mechanism for managing the deformation and ensuring the stability of the
foundation (Mamat et al., 2019). It is important to note that the choice of materials becomes crucial

in ensuring the stability and safety of embankments.
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When comparing scenario 1 with scenario 4, slope geometry remained constant between the two
scenarios, while the change from marly clay to marly limestone has a notable impact on the SF.
The SF decreased from 1.97 to 1.74 in scenario 4 (Figure 6-8A). This change can be attributed to
variations in material properties affecting shear strength, such as effective cohesion and effective
angle of friction (Kiser & Kolay, 2013). This comparison highlights the significance of considering
material properties when assessing slope stability and underscores the importance of accurate
characterizations of soil or rock types to ensure reliable analysis and design in geotechnical
engineering projects. As seen in Figure 6-B, the SF decreased to 1.33. This reduction in the SF at
a height of 10 m further emphasizes the impact of the change in material properties. It raises
concerns about the stability of the slope, especially at greater heights. To enhance SF in scenario
5, extensive research and simulations were conducted to explore potential solutions. One of the
approaches considered was the addition of a bench seat, which could serve as a safety feature
(Figure 6-9A). This bench was carefully designed and composed of rock fill, with specific
dimensions. It was decided that the length of the bench would be equal to 1/3 of the platform width
and 1/2 the height of the embankment. The rock fill is characterized by y = 25 kN/m?3, ¢’ = 1 kPa
and ¢’ = 43°. By incorporating a bench into scenario 5, the SF has increased from 1.33 to 1.64.
Another approach to improve the stability and SF of an embankment is to modify its angle. By
adjusting the slope to 1V:3H instead of 1V:2H, the SF has increased to 1.80 (Figure 6-9B). The
angle of an embankment plays a crucial role in determining its stability, as steeper slopes are more

prone to erosion, landslides, and instability.

When comparing scenario 6 with scenario 7, it becomes evident that both scenarios exhibit a
satisfactory SF, which is greater than 1.5 (SF (scenario 6) = 1.64 and SF (scenario 7) = 1.80). This
is a significant observation as it implies that both scenarios offer a level of safety that surpasses the
minimum (minimal SF = 1.5 (Day, 2010)). In this case, we have thoroughly evaluated the various
scenarios that contribute to the consumption of most materials. Through meticulous calculations
of the surface area of the material involved, our analysis has revealed that scenario 7 emerges as
the frontrunner, demanding the highest amount of material. Scenario 7, characterized by the
utilization of a steep slope angle of 1H:3V, not only necessitates an important quantity of material
but also prompts the need for additional measures to accommodate this requirement. Specifically,
the selection of this scenario mandates the inclusion of an extra surface area of 1.2 Ha/km to

facilitate the successful execution of the project.
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6.4.3 Preliminary economic evaluation

The purpose of this initial economic investigation is to determine the profitability radius beyond
which local materials in Benguerir City will no longer be cost-effective compared to conventional
materials for constructing road embankments. The evaluation focuses on comparing the main costs
associated with using local materials versus conventional materials, with a specific emphasis on

the construction costs life cycle (CAPEX), assuming similar maintenance and operating costs.

The construction process of a road embankment involves several steps, including material
extraction, loading, transportation, unloading, and implementation. However, the key factor
influencing overall costs is transportation, particularly the distance between the supply resources
and the construction site. To calculate the total transportation cost, a 15 m? truck capacity was
considered under normal conditions, considering both variable and fixed costs (Amrani et al.,
2020). Figure 6-10A provides a breakdown of these transportation costs and presents the

underlying assumptions used to calculate the profitability radius.

:

Vehicle: Annual cost = Financing costs + Depreciation costs + Taxes + Insurance + Technical visit costs
Driver: annual cost = Driver's salary + Travel expenses
Operating costs: Annual cost = Administrative costs + Taxes

Raw materials: Cost per kilometer = Fuel consumption (litres/km) x Fuel price (per litre)
Vehicle maintenance: Cost per kilometer = Maintenance cost per unit distance
Tires wear: Cost per kilometer = Tire replacement cost per unit distance

Figure 6-10: A) Variable and fixed costs for transporting road materials, B) Operating costs

description (Amrani et al., 2020).

When dealing with a construction company involved in road construction, several operating

expenses must be considered. These expenses encompass vehicle maintenance, tire replacements,
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and fuel consumption (Figure 6-10 B). The following assumptions have been made regarding these

factors. However, it is important to note that these costs can vary based on various factors such as

specific circumstances, truck, and road conditions. Therefore, it is necessary to adjust for accurate

and precise cost calculations. Table 6-5 presents the annual expenses associated with road

embankment construction services. The different costs and prices were obtained from construction

contracts in Benguerir City.

Table 6-5: Annual expenses associated with the different services rendered for road embankment

construction.

Designation Costs (MAD) Costs (MAD)
Depreciation expense 35000
Expenses driving staff 96 000
Insurance fees 15 000
Dues and taxes 14 600
Total Fixed Fees (MAD) 160 600
Fuel and lubricant 344 760
Pneumatic 22 000
Maintenance and repair 25000
Total Variables Fees (MAD) 391 760
Operating costs 28 750
Other costs 11 500
Total structure fees (MAD) 40 250
Total return price (MAD) 592 610
Average distance travelled per year (km) 74 880
Cost price per kilometer rolled (MAD) 7,91
Cost price in m3/km (MAD) 0,53
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The radius of profitability (R) is calculated using the following equation (6.4) (Amrani et al., 2020):

<((Pu +R X T)xCE)+ Z(OP)> X PM = SP (6.4)

Where:

Pu: Purchase of materials; R: Radius of profitability; T: Cost of transport; CE: Expansion
coefficient; OP: Other prices (implementation, extraction, loading...); PM: Profit margin, SP:

Sale price.

Table 6-6 gives the calculation of radius of profitability, based on Equation (6.4). The calculation

was performed with the assumption that the city has access to nearby conventional resources.

Table 6-6: Calculation of profitability radius.

Average costs (excluding taxes) Mining waste Conventional
materials embankment materials

Purchase of materials (MAD/m?) 2 12
Expansion and losses (%) 15 15
Loading costs (MAD/m?) 5 5
Water supply (MAD/m?) 3 3
Implementation fees (MAD/m?) 12 12
Transportation fees (MAD.m?/km) 0,53 0,53
Profit margin (%) 15 15
Average selling price (MAD/m?) 45 45
Radius of profitability (km) 28 9

According to this preliminary calculation, it was demonstrated that mining waste materials can be
utilized as embankment materials within a 28 km radius around the Benguerir mine. In contrast,
conventional materials become economically unviable beyond a distance of 9 km. This finding

highlights the potential of PWR as a sustainable solution for environmental protection.

The integration of PWR in road embankments not only reduces material costs but also has the

potential to revolutionize the construction industry by promoting a more ecologically sound
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approach. Traditionally, road embankments have been constructed using materials such as gravel,
sand, and crushed stone, which can be expensive and have a negative impact on the environment.
However, by using PWR, a byproduct of the mining industry, as a substitute for these traditional
materials, both cost and environmental concerns can be addressed. The research of Ahmed and
Abouzeid (2009); Amrani et al. (2021); Amrani et al. (2019) reveal that integrating PWR not only
reduces material expenses but also proves to be more environmentally friendly compared to
conventional construction practices. Their research, as determined in this study, reveal how
utilizing PWR significantly curtails expenses tied to raw materials while avoiding the extensive
environmental degradation characteristic of conventional mining. The decision to use PWR for
road construction is a strategic blend of economic efficiency and stability. This choice stands out
not just for its cost-effectiveness and environmental benefits, but also for signaling a forward-
looking transformation in industry norms by giving value to materials previously seen as waste.
By considering economic assessments, we move toward a conclusion where cost-effectiveness

aligns with an impactful approach of utilizing PWR in road construction projects.

In light of these findings, there is a need for further research and development in this area in order
to fully explore the potential applications of PWR in road construction. However, to fully
understand its suitability for long-term use, it is crucial to examine both its environmental and
mechanical performance. This is an important aspect of any comprehensive study on the subject.
In the current study, we have focused on laboratory tests and stability analysis to evaluate the
properties of PWR as an embankment material. These tests have provided valuable insights into
the material's behavior. Therefore, it is recommended that field tests be conducted to further
investigate the long-term environmental and mechanical performance of PWR as embankment
material. Furthermore, it is important to consider the potential economic benefits of using PWR,

as well as any potential challenges or limitations that may arise.

In order to fully realize the potential of using PWR in road construction, the Moroccan government
must update the current guidelines and regulations for road construction. The Moroccan Guide for
Road should be revised to allow PWR to be classified as natural aggregates, thus encouraging its

use in road construction projects. This would require collaboration between government agencies,
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mining companies, and road construction firms to establish standards and specifications for the use

of this material, ensuring its safe and effective integration into road-building practices.

6.5 Conclusions

This paper aimed to assess the feasibility of utilizing PWR, specifically focusing on the lithology

of marly clay and marly limestone, in the construction of road embankments. These two lithologies

exhibit substantial potential volume (27 Mm?), making them attractive materials for such

applications. Through extensive experimentation, including stability analysis, and preliminary

economic evaluation of the raw material, an integrated approach towards the utilization of PWR is

provided. The main conclusions to assess the potential use of these materials for road embankment

are the following:

i)

iii)

Chemically, the materials studied are dominated by CaO (12 - 33 wt.%), SiO2 (23 - 38
wt.%), and MgO (7 — 9 wt.%); mineralogically, the main phases are quartz, calcite,
dolomite, apatite, and clay minerals. The environmental characterization classified the
studied materials as non-hazardous waste.

Based on the results of the physical (MBV: 5-7 and PI: > 23%) and geotechnical (UCS:
<9 MPa, LA: > 50%, MD: > 35 %, Ydmax: 1.352-1.518 t/m?, ¢": 18-16 kPa, and ¢’: 11-
17°) characterizations the studied materials marly limestone and marly clay belong to
the R33 and A3 categories respectively, which means that these materials can be utilized
in the construction of road embankments.

The results of stability analysis showed that embankments up to 10 m in height can be
constructed with marly clay without any significant physical instability risks.
Satisfactory SF was found (SF = 1.97 for H=5 m and SF = 1.54 for H= 10 m). Whereas
the use of marly limestone is limited to a height of less than 10 m (SF =1.74 for H=5
m and SF = 1.33 for H = 10 m), this height can be increased by adding a bench of rock
fill (SF = 1.64) or by adjusting the slope to 1V:3H (SF = 1.80).

The economic evaluation indicates that PWR can be utilized as embankment materials
in a radius of 28 km around the Benguerir mine, keeping a lower cost compared to

conventional materials.
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The utilization of PWR not only can address the issue of combatting land degradation, but we can
also contribute to the preservation of the surrounding ecosystem and environmental protection. By
utilizing this waste as embankment material, it can be effectively repurposed and contribute to the
construction of environmentally friendly structures. Moreover, this material can reduce the demand
for traditional construction materials, which are often extracted from natural resources. This
approach aligns with the principles of circular economy, where waste materials are recycled and

used as valuable resources.
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CHAPTER 7 GENERAL DISCUSSION

7.1 Sampling and characterization

The first objective of this thesis is to thoroughly characterize and analyze each lithological
formation upstream in terms of geology, geomechanics, chemistry, mineralogy, and the
environment. This comprehensive analysis requires careful selection of the sampling method and
the determination of the number of samples to be collected (Annels, 1991; Cao et al., 2018).
However, this task was challenging, as it involved coordinating various characterization techniques
and dealing with the occasional unavailability of the required quantities for each characterization.
As demonstrated by Desharnais (2019), the number of samples to be taken depends on several
factors, including the type of deposit, its distribution, direct accessibility to the deposit, and the
available budget. Consequently, estimating the sampling step necessitated a consideration of the
study's objectives, the level of knowledge about the study site, and the allocated budget (Downing
et al., 1999; Marjoribanks, 2010). In our specific case, we opted for a hybrid sampling method
combining random and target approaches. This hybrid method allowed us to obtain representative

samples and acquire enough quantity of samples for the diverse characterizations.

Non-destructive core drilling is used in this project. As demonstrated by Hussain et al. (2020), the
non-destructive core drilling has been able to provide a deeper insight into the variable facies that
characterize the study area. The clean and undisturbed state in which the samples were retrieved
underscores a critical advantage of non-destructive core drilling. Six core holes were drilled in our
case to collect information about the different facies and to obtain cleaner and high-quality samples
(Cao et al., 2018). Through the implementation of this technique, we have been able to provide a
deeper insight into the variable facies that characterize the study area. By analyzing these core
samples, we identified four categories of facies: carbonate, phosphate, siliceous, and clay/marl
(Chlahbi et al., 2023). These categories correspond to eight main facies: limestone, dolomite,
marly-limestone, indurated phosphate, phosphate flint, flint, silexite, and marly/clay. The number
of samples collected depended on the specific characterization techniques employed. Our primary
objective was to collect as many samples as possible from the core holes and, if necessary,
supplement them with samples from the mining trenches. By carefully observing and logging the

various boreholes, we determined 315 samples from the core holes and 185 samples from the
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mining trenches. This increases the total number of samples to 500. It is important to note that this
sample size was determined based on the characterization techniques employed and the availability
of the different facies and required quantities for the analysis (Downing et al., 1999; Elghali et al.,
2023).

Analyzing the different lithologies forming the interburdens has proven to be a useful tool in
various aspects. Firstly, it allows us to evaluate the potential uses of the identified lithologies
(Hakkou et al., 2016; Taha et al., 2021). By understanding the composition and properties of these
rock formations, we can determine their suitability for different applications, such as construction
materials, industrial processes, or even potential sources of valuable minerals (Idrissi et al., 2021;
Taha et al., 2021). This knowledge opens possibilities for economic exploitation and sustainable
resource management. Additionally, this analysis demonstrates that some waste rock lithologies
are rich in phosphate and trace elements (Amar et al., 2023). This finding is significant as it

highlights the potential for resource recovery from what was previously considered waste.

Furthermore, the analysis helps us distinguish between the content of elements in each waste rock
and their mineralogical speciation. This distinction is crucial as it allows us to understand how
these elements are distributed within the rock formations and their potential for extraction. For
example, the mineralogical speciation of phosphate and rare earth elements (REEs) provides
insight into the most effective beneficiation techniques and recovery processes (Amar et al., 2023).
This knowledge is essential for optimizing resource utilization and minimizing waste generation
(Idrissi et al., 2021). Lastly, the analysis of different lithologies contributes to reducing the footprint
of the mine site. By understanding the composition and characteristics of the rock formations, we
can develop strategies to minimize the disturbance caused by mining activities. This includes
implementing selective mining techniques, optimizing the use of resources, and developing
efficient waste management practices. Ultimately, this leads to a more sustainable and

environmentally friendly mining operation.

7.2 Geomodelling

The 3D modeling carried out in this research project focuses on creating a geological model
specifically for the future areas of the Benguerir mine. This model contains crucial information

about the lithological discrepancy and thicknesses of the phosphate layers and interburdens (Giraud
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et al., 1971; Mallet, 2002). By utilizing this model, we have been able to visualize the distribution
of the phosphate series within the mine and make estimations regarding the volumes of the
interburdens. Our initial plan also aimed to incorporate all the information collected from the
various characterizations (including geomechanical, mineralogical, chemical, and environmental
data) into this model. However, due to the significant distance between the boreholes (ranging from
2 to 3 kilometers), we faced challenges in accurately modeling their geominerallurgical behavior
(Delgado Vega, 2012) (the geometallurgical approach often used for polymetallic mines has been
renamed geominerallurgical, since in our case, we are dealing with a phosphate mineral ‘apatite’
and not metal). Nevertheless, the geological model has provided valuable insights into the

geological composition and distribution of the phosphate series in the Benguerir mine.

In order to establish an effective geominerallurgical model, a sequence of practices is
recommended (Bueno et al., 2015; Michaux & O’Connor, 2019). Firstly, adding other drill cores
with a closer mesh, typically around 250 m, is recommended (Vermette, 2018). This allows for a
more detailed and accurate representation of the deposit's geological features and mineral
distribution. By increasing the density of drill cores, a higher level of spatial resolution can be
achieved, allowing for a better understanding of the deposit's variability (Lishchuk, 2019;
Vermette, 2018). This, in turn, leads to more reliable predictions and estimations. Secondly, the
geological logging of the drill cores is of utmost importance in establishing a geominerallurgical
model. The logging should be performed based on a standard scale involved in drill core description
and sampling. This ensures consistency and comparability of the data collected from different drill
cores. Detailed descriptions of lithology, mineralogy, alteration, and other relevant geological

characteristics can be recorded through geological logging.

In cases where sufficient numerical data on the parameter of concern are not available, a stochastic
process can be utilized (Hammersley & Handscomb, 1964; Niederreiter, 1992). The user must
define two continuous independent variables representing the parameter of concern and a
categorical variable used to describe the parameters (Toubri et al., 2021). This allows for the
generation of synthetic data that can be used to supplement the existing dataset. The stochastic
process helps to account for uncertainty and provides a more comprehensive understanding of the
geominerallurgical model (Niederreiter, 1992). Finally, constructing a model using variogram and

other multi-realization analyses is recommended (Abzalov, 2016b). Variogram analysis is a
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statistical tool used to characterize spatial continuity and assess sample correlation (Abzalov,
2016a). It helps to define the range and direction of spatial dependence, which is crucial for

accurate resource estimation.

7.3 Guidelines for the valorization of PWR

Phosphate waste rock, a byproduct of phosphate mining, holds significant potential for
valorization, contributing to sustainable resource management practices (Chlahbi et al., 2023; Taha
et al., 2021). The valorization of PWR plays a crucial role in sustainable resource management by
transforming a traditionally discarded byproduct into a valuable resource. Hakkou et al. (2016)
emphasize that the valorization of PWR not only helps in mitigating environmental concerns
associated with mining activities but also contributes to the efficient utilization of resources. By
repurposing waste rock, industries can reduce the ecological footprint of phosphate mining
operations and minimize the impact on surrounding ecosystems. In this thesis project, a third
objective was to propose a valorization guideline derived from the thorough characterization and
analysis of phosphate interburdens. Through detailed examination and evaluation of phosphate
interburdens, we aimed to identify and understand the properties and composition of these
interburdens to propose potential valorization pathways. According to the findings, including
geochemical, mineralogical, and geomechanical aspects, PWR can be used in various applications
in different sectors (focusing on the civil engineering sectors), such as road construction, cement
industry, phosphate recovery, and acid mine drainage treatment. Figure 7-1 serves as a
comprehensive synthesis guideline, offering a structured framework for exploring the potential

valorization avenues of PWR.

7.3.1 Phosphate recovery

Indurated phosphate and phosphate flint are notable for their high P,Os contents, typically falling
within the range of 14 to 25 wt.%, corresponding to carbonate fluor apatite as demonstrated by
Sathi et al. (2022). The results obtained by Amar et al. (2023) showed that indurated phosphate
constituted around 50% of the coarse fraction > 30 mm, while phosphate flint (20%) considered
mining waste accumulates approximately 70% of the phosphate lithologies from the coarse fraction

(> 30 mm) in PWR piles. The process of recovering phosphate from these lithologies involves a
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series of post-exploitation steps (Amar et al., 2023). Initially, the material is subjected to crushing
and grinding operations until a fine fraction measuring less than 30 mm is obtained. Subsequently,
this fine fraction is forwarded to a beneficiation plant for further processing. Recovery of the
residual phosphate within this fine fraction can be effectively carried out through multiple
techniques including gravity separation serving as a preconcentration phase, flotation, leaching,
and calcination (Amar et al., 2023; Guo & Li, 2010; Kawatra & Carlson, 2013; Liu et al., 2016;
Zafar & Ashraf, 2007). These methods collectively enable the extraction and concentration of

phosphate from indurated phosphate and phosphate flint.

The study conducted by Amar et al. (2023) highlighted challenges in sampling strategies for
indurated phosphate and phosphate flint, along with the need for optimization in recovery methods
like flotation and gravity separation to enhance P>Os grade. The challenges in sampling strategies
for these lithologies primarily revolve around the presence of coarse fractions in the sorted samples.
These coarse fractions pose difficulties in achieving homogenization and sample reduction, which
are essential for obtaining representative samples. To address these challenges and improve the
recovery process, optimization in recovery methods such as flotation and gravity separation is
necessary (Sathi et al., 2022). Flotation is a conventional method used in beneficiation plants to
separate phosphate minerals from gangue materials (Boujlel et al., 2019; Elgillani & Abouzeid,
1993). By optimizing the flotation process, it is possible to enhance the POs grade of the recovered
phosphate. Similarly, gravity separation can be employed as a pre-concentration phase to
effectively separate gangue minerals from phosphate minerals (Khan et al., 2019). Optimizing the
gravity separation process can lead to improved recovery rates and higher P,Os grades in the final
product. These optimization efforts are crucial for maximizing the efficiency and effectiveness of
the recovery process for indurated phosphate and phosphate flint. The study by Amar et al. (2023)
emphasized the significance of accurate sampling for precise assays and the potential of sensor-

based sorting for efficient phosphate mineral recovery.

However, the implementation of phosphate recovery should not be taken lightly. Any plans for
phosphate recovery must be subject to a thorough technical and economic feasibility study. This
study would evaluate the potential benefits and drawbacks of implementing phosphate recovery,
considering the technical capabilities, costs, and potential environmental impacts. This will ensure

that the implementation of phosphate recovery is truly beneficial and sustainable in the long term.
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7.3.2 Cement manufacturing

PWR serves as a valuable source of by-products such as clay and limestone, both of which hold
commercial significance. These by-products find application in the construction sector, particularly
in the production of clinker, a primary component in various types of cement (Bahhou et al.,
2021a). Clinker production involves firing a mix comprising approximately 80% limestone and
20% clay (Taylor, 1997). However, environmental concerns associated with clinker production
have prompted a shift toward more sustainable practices. Notably, the production of one ton of

clinker results in approximately 0.95 ton of CO» emissions (Davidovits, 2015).

To mitigate the environmental impact, there is a growing emphasis on reducing the clinker in
cement through the incorporation of supplementary cement materials (SCMs). SCMs are classified
into reactive materials (pozzolans) and inactive materials (fillers) (Rahhal et al., 2005). Some
pozzolanic materials, such as slag and fly ash, face scarcity issues (Environment et al., 2018). In
contrast, clays, due to their availability and pozzolanic reactivity after calcination, emerge as
efficient materials for clinker replacement. Marl, as an example of a pozzolan, can be utilized in
this context. A key criterion for evaluating the reactivity of clays is the content of
ALO3+Fe;03+S10;, with ASTM C618 specifying a sum above 70% for Class N pozzolans (He et
al., 1995). It's important to note that not meeting this chemical requirement doesn't conclusively

determine the pozzolanic reactivity; further analysis is necessary.

The second category of SCMs, fillers, is exemplified by carbonate rocks, with calcite being a
prominent example widely available. Calcite is recognized for accelerating the early hydration of
cement, and its finer particles offer increased surface area which is crucial for the nucleation of the
C-S-H phase (Moon et al., 2017; Scrivener et al., 2015). Dolomite has also emerged as a filler
material, as evidenced by a recent study (von Greve-Dierfeld et al., 2020; Zajac et al., 2014).

7.3.3 Road construction materials

A significant volume of geomaterials is extensively utilized in road construction projects
worldwide, highlighting the immense demand for such resources (Oberle et al., 2019). Integrating
industrial by-products into this sector emerges as a viable solution to address sustainability

concerns and reduce waste production. Particularly, PWR are emerging as strong contenders for
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serving as alternative secondary raw materials (Ahmed & Abouzeid, 2009; Sathi et al., 2022; Taha
et al., 2021). Geotechnical assessments have demonstrated promising physical and mechanical
properties of flint, phosphate flint, and limestone, showcasing a density range of 1.9 to 2.8, LA
between 25% and 50%, and fragmentability below 7. These findings indicate that PWR can be
effectively repurposed as raw materials in road construction activities, offering a sustainable and

eco-friendly approach to resource utilization in the industry (Hakkou et al., 2016).

A specific study of the feasibility of using PWR, specifically marly clay and marly limestone, for
constructing road embankments was presented in Chapter 6. The geotechnical characterization
(LA: 95-98%, fragmentability: 7, optimum moisture content: 22.2 - 23.1%, and maximum dry
density 1.352 - 1.518 t/m?, friction angle 18° — 16°, and cohesion 11 - 17 kPa) categorizes these
materials as suitable for road embankments. Stability analysis shows that embankments up to 10
m with marly clay are safe, while marly limestone can be used with precautions. This study not
only sheds light on the potential of utilizing PWR for road construction but also emphasizes the
importance of thorough geotechnical assessments when considering alternative materials for

infrastructure projects.

7.3.4 Alternative aggregates

The increasing demand for aggregates from quarries strains natural resources, highlighting the need
for alternative sources of aggregate materials. Using PWR local alternative aggregates will help
reduce the stress on the primary aggregates. Incorporating PWR as aggregates in concrete not only
eases the burden on primary aggregates but also contributes to resource conservation. Limited
research has delved into the viability of utilizing PWR aggregates for concrete applications (Ahmed
& Abouzeid, 2009; El Machi et al., 2021; Safhi et al., 2022). Findings suggest that various
lithologies such as flint, phosphate flint, limestone, and dolomite exhibit good physical and
mechanical properties in terms of UCS (up to 104 MPa), LA (25-50%), MD (< 35%), density (2-
3) and absorption (0.2-4). These lithologies can be easily crushed for aggregate production and find
applications in diverse sectors like concrete production, railroad ballasts, and embankments.
Conversely, silexite lithology displays moderate physical and mechanical properties with UCS
around 32 MPa, LA approximately 50%, low density of about 1.6, and high absorption exceeding

4%. Due to its lightweight nature, silexite can serve as a suitable lightweight aggregate, ideal for
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manufacturing concrete and various construction materials, emphasizing the importance of

exploring alternative aggregate sources for sustainable development in the construction industry.

7.3.5 Brick manufacturing

The incorporation of PWR in brick manufacturing presents a promising avenue for sustainable
production practices. The clay and marl located at the Int C3/C2 interburden have been thoroughly
analyzed in this study, revealing their significant geotechnical attributes. These lithologies exhibit
promising characteristics such as a PSD below 2 um, a plasticity index (PI) ranging from 10 to 35,
and a methylene blue value below 10. Understanding the importance of these findings unveils the
potential for utilizing these materials as valuable resources, particularly in brick manufacturing

applications.

7.3.6 Acid mine drainage treatment

The acid-generating potential assessment detailed in Chapter 5 revealed that PWR exhibits a
significant neutralization potential ranging from 38 to 991 kg CaCOs/t, coupled with a low acid
potential ranging from 0.31 to 16 kg CaCOs/t. On the other hand, dolomite and limestone
showcased significant neutralization potential values ranging from 500 to 991 kg CaCOz/t. These
findings indicate that these specific lithologies can serve as effective alkaline materials in managing
acid mine drainage issues. A study conducted by Hakkou et al. (2009) supported this notion by
demonstrating that incorporating 15 wt% alkaline phosphate waste into Kettara coarse tailings
proved highly efficient in neutralizing acidic mine effluents. Moreover, this amendment
significantly decreased the concentrations of metals in the leachate compared to the untreated
Kettara coarse tailings, highlighting the potential of these materials in mitigating environmental

impacts associated with mining activities.

In summary, by implementing these valorization pathways, the phosphate mining industry can
revolutionize its waste management and sustainability approach. The potential benefits are
twofold: firstly, by adopting these techniques, the industry can significantly reduce environmental
hazards associated with phosphate waste. Secondly, transforming waste into a valuable commodity
presents a unique opportunity for economic growth and diversification within industry. By

strategically planning and applying the insights from this guide, stakeholders can effectively
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harness the hidden value of PWR. This process contributes to a more sustainable and efficient
mining operation and opens avenues for creating new revenue streams and job opportunities.
Ultimately, by embracing these valorization techniques, the phosphate mining industry can pave
the way for a more environmentally conscious and economically viable future, setting a positive

example for sustainable resource management practices across the globe.
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

In conclusion, the mining industry plays an essential role in the economies of many countries,
including Morocco. It is a significant source of revenue, job creation, and resource extraction.
However, this industry also generates substantial amounts of mining waste that must be effectively
managed. Mining waste includes various materials such as tailings, waste rock, sludge, and

chemicals left over after the extraction of minerals.

These waste materials can pose significant environmental and health risks if improperly handled.
Therefore, countries like Morocco need to prioritize proper management of mining waste to
mitigate the negative impacts on ecosystems and local communities. Within this context, the
general objective of this thesis was to study phosphate waste rock (PWR) upstream of the mining

chain and to characterize each PWR lithology separately.

PWR refers to the residual materials generated during the process of phosphate mining. This thesis
project encompassed three specific objectives, each aiming to contribute to a deeper understanding
of PWR and its potential applications. Through the characterization of PWR's geological and
geomechanical properties, assessment of their geochemistry and environmental behavior, and
exploration of their sustainable reuse in road embankments, this project aimed to provide valuable
insights and knowledge that could be applied in the fields of civil engineering and phosphate

recovery.

8.1 Geological and geomechanical characterization of PWR in view of their potential civil

applications

Phosphate waste rock is a byproduct of the phosphate mining industry, and its proper utilization is
crucial for minimizing environmental impacts and maximize resource efficiency. The experimental
work conducted on the interburdens (soil-like and hard rock samples) collected from the six drill
cores and mining trenches at the Benguerir mine site in Morocco has yielded significant

conclusions. The main results and conclusions of this study are summarized as follows:

e The Benguerir phosphate series comprised nine phosphate layers, eight interburdens, and
an overburden. Additionally, the presence of “phosphate slabs” with either carbonate or

siliceous matrix was observed.
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e The study identified four types of waste rock, including carbonate (limestone and marly
limestone), siliceous (flint and silexite), marly clay, and phosphate (phosphate flint and

indurated phosphate).

e The unit sequences of the Benguerir deposit were found to be relatively stable in space,

although with varying thickness and occasional interruptions in the units.

e The soil-like samples were classified as A3-A4 (fine soil) and exhibited plastic to very

plastic properties. They were also categorized as clayey marl.

e These soil-like samples hold potential as raw materials for various applications, particularly
in brick manufacturing, cement production, the field of ceramics, and embankment. Their
characteristics (Psoum average varied between 100 and 64%, average plasticity index = 50%,
average methylene blue value = 7.1, and bulk density = 1886 kg/m?) make them suitable

for these applications, offering a sustainable solution for sourcing raw materials.

e The collected hard rock samples (flint, silexite, phosphate flint, indurated phosphate,

limestone, and marly limestone) showed promising geomechanical properties.

e The average compressive strength is 104 MPa for the flint, 35 MPa for the phosphate flint,
32 MPa for the silexite, 26 MPa for the limestone, 11 MPa for the indurated phosphate, and

8 MPa for the marly limestone.

e These hard rock samples could be an excellent alternative secondary raw material for civil

engineering and phosphate recovery.

These findings contribute to understanding the Benguerir deposit and offer sustainable alternatives

for PWR valorization in various industries.

8.2 Geochemistry and Environmental Assessment of PWR

The present study evaluated the geochemical and environmental behavior of PWR through a
comprehensive analysis that included petrographical, chemical, and mineralogical
characterizations and leaching tests. The main objective of this study was to provide a complete
characterization of PWR samples to understand their composition and potential impact on the

environment. The main results and conclusions of this study are summarized as follows:
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PWR mainly comprises calcite, dolomite, apatite, and quartz, with minor phases such as

clay minerals and iron oxides.

Chemically, the major chemical components are CaO (1.2-53.5 %) and MgO (0.2-19.5 %),
followed by SiO; (2.4-94 %) and P05 (0.2-25 %). Trace elements can be classified into
three groups based on their concentrations: a group with high concentrations composed of
Zn and Cr (> 150 ppm), a group with moderate concentrations composed of Ba, V, Ni, Zr,
Y, U, Cu, Cd, and Co (10 to 150 ppm), and a group with relatively low concentrations (<
10 ppm) including Rb, Pb, As, Mo, Se, Sc, Ga, Nb, Th, Hf, Sb, and Cs.

Environmentally, PWR has high neutralizing potential (40 to 740 kg CaCOzs/t), neutral to
alkaline pH levels (6 + 0.6 to 9 £ 0.4) in leachates, and the concentration of contaminants
(As, Ba, Cd, Cr, Se, U) remains below international standard limits (USEPA, D019, and
UTS).

PWR are classified as nonhazardous waste and could be considered a natural raw material

for civil applications.

8.3 Sustainable reuse of PWR in road embankments

This study aimed to assess the feasibility of utilizing PWR in the construction of road
embankments, with a specific focus on the lithology of marly clay and marly limestone. These two
lithologies were chosen due to their substantial potential volume, estimated at around 27 Mm? for

marly limestone and 22 Mm? for marly clay.

Extensive experimentation was conducted to evaluate the suitability of PWR for road
embankments. Stability analysis was performed to determine the safety factor and behavior of the
materials under different dispositions. Additionally, a preliminary economic evaluation of the raw
material was conducted. This evaluation considered factors such as the operation cost and

transportation. The main results and conclusions of this study are summarized as follows:

Based on chemical, mineralogical, and environmental analyses, it can be concluded that the
marly clay and marly limestone do not pose any hazards and can be classified as non-

hazardous wastes.
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e The stability analysis results indicated that embankments up to a height of 10 m can be
constructed using marly clay without any significant risks of physical instability. The safety
factors obtained were satisfactory (1.97 and 1.54). On the other hand, the use of marly
limestone is restricted to a height of less than 10 m. However, this limitation can be

overcome by incorporating a bench of rock fill, which increases the safety factor to 1.64.

e The economic evaluation indicates that PWR can be used as embankment materials within
a 28 km radius of the Benguerir mine while maintaining a lower cost compared to

conventional materials.

8.4 Guidelines for the Valorization PWR

The valorization of PWR presents a promising avenue for sustainable resource management
practices. By repurposing this byproduct of phosphate mining, industries can not only mitigate
environmental concerns associated with mining activities but also contribute to the efficient

utilization of resources.

The detailed examination and analysis of phosphate interburdens have revealed the diverse
potential applications of PWR in sectors such as civil engineering, cement manufacturing,
phosphate recovery, road construction materials, brick manufacturing, and acid mine drainage
treatment. The recovery of phosphate from indurated phosphate and phosphate flint involves a
series of well-defined steps, including crushing, grinding, and beneficiation processes. Moreover,
integrating PWR into cement manufacturing can help reduce the environmental impact associated

with clinker production by incorporating supplementary cement materials like clay and limestone.

These materials offer sustainable alternatives to traditional pozzolans and fillers, addressing
scarcity issues and promoting more eco-friendly practices. Additionally, the utilization of PWR in
road construction materials showcases its versatility and potential to meet the demands for
sustainable resource utilization. Overall, the valorization of PWR not only transforms a once-
discarded byproduct into a valuable resource but also paves the way for more sustainable practices

across various industries.

Finally, the valorization of PWR marks a significant shift in how society views and utilizes

industrial byproducts. By transforming what was once considered waste into a valuable resource,
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this process reduces environmental impacts associated with waste disposal and creates new
opportunities for sustainable development. Industries that traditionally generated PWR can now
repurpose it for various applications, such as construction materials, cement and brick

manufacturing, and recovery of phosphate.

This shift towards valorization minimizes these industries' environmental footprint and contributes
to a more circular economy where resources are utilized more efficiently. Embracing the
valorization of PWR is a crucial step towards fostering sustainability and innovation across diverse
sectors, setting a precedent for how we can rethink our approach to waste management and resource

utilization in the future.

8.5 Recommendations
Several recommendations are proposed in this thesis project:

e Adding other drill cores with a closer mesh, typically around 250 m in Benguerir mine, in

order to establish an effective geomineralurgical model.

e Extending the upstream geomineralurgical approach in other mine sites of OCP group for

better understanding of the composition of interburdens (PWR).

e Implement a sorting protocol to ensure PWR's effective and sustainable valorization before

storage.

e Integration of the approach of the PWR’s valorization in the value chain of the phosphate
industry.

e Laboratory and pilot tests of the valorization of PWR is recommended to confirm the

performance of this approach.
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APPENDIX A CORE DRILLING

1. Photographs of core boxes (Example SC06)
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Figure A. 1: Photographs of core boxes (Example SC06)
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Figure A. 2: Photographs of core boxes (Example SC06) (Continued)



2. Litho-stratigraphic section for the six drill cores
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igure A. 3: Litho-stratigraphic section for the SC02 drill core
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Figure A. 4: Litho-stratigraphic section for the SC02 drill core (Continued)
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Figure A. 5: Litho-stratigraphic section for the SC02 drill core (Continued)
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Sable phosphaté fin de couleur grisatre pulvérulent

Calcaire phosphaté / calcaire phosphaté fin grisatre massif, résistant a coprolithes et oolitheﬁ/

100

Calcaire massif, sain et résistant de couleur blanchatre & traces d'oxydation rougeétre

Marne argileuse indurée de couleur rougeétre

Calcaire phosphaté fin, grisatre résistant, a joint marneux au centre

Marne indurée argileuse au sommet, de plus en plus sableuse a la base 100

Phosphate indure fin de couleur grisatre a beige, massif, sain et consistant, a
fraction marneuse au sommet entre [43,56-43,86]

Marno-calcaire a fraction sableuse, massif sain et consistant, de couleur blanchétre a
grisétre

100

100

100

Figure A. 6: Litho-stratigraphic section for the SC02 drill core (Continued)
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Phosphate induré fin, massif de couleur beige-grisatre, consistant moyennement résistant
a tendre
2

100

Phosphate induré fin, massif de couleur beige-grisatre, tendre a trés tendre, friable
0

100
Sable phosphate fin, de couleur beige, peu cohérent, grésifie a la base

100

0

100
Calcaire phosphaté fin grisatre, massif resistant
Sable phosphate fin, grésifié au sommet, de couleur grisétre, & fraction marneuse vers la 0
base entre [55,15-55,30]
Calcaire phosphaté fin, de couleur grisatre, résistant

100
Phosphate induré fin de couleur beige-griséatre
Calcaire phosphaté, massif sain et consistant de couleur blanchatre
Phosphate induré fin tendre par endroits 100
Marno-calcaire massif, sain, beige, a fraction marneuse

100
Calcaire gréseux, massif et sain, de couleur blanchétre
Alternance décimétrique entre calcaire crayeux a fraction sableuse fine et de la craie, avec
dominance de la craie

100

T — T 4

Figure A. 7: Litho-stratigraphic section for the SC02 drill core (Continued)
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= Lo
‘ _ | i ‘ || Marne & marno-calcaire & fraction sableuse, massive, indurée et consistante, de couleur
T \ T \ T \ beige. Des passages décimétriques de craie par endroits 8
o] o] 7]
T T T . . . R , . .
'+ T+—T4| Marne indurée massive, beige a trace d'oxydation avec des passages de craie
I—r T T partiellement silicifie, devenant sableuse vers la base
-1
[T T _T_ T
T__T__T__71
[T T _T_ T
T T 100
[T T _T_ T
-1
[T T _T_ T
T__T__T__71
[T T _T_ T
-1
JT——T_—T__T.
T__T__T__71
[T T _T_ T
T__T__T__71
[T T _T_ T
T__T__T__71
[T T _T_ T
-1
[T T _T_ T
T__T__T__71
[T T _T_ T
-1
[T T _T_ T
T__T__T__71
[T T _T_ T
-1
AT T T _ T
T__T__T__71
[T T _T_ T 0
-1
[T T _T_ T
T__T__T__71
[T T _T_ T
-1
[T— T T ——T.
T T__T_71
[T—T T T
T T T T
[T T _T_ T
-1
TT T__T__ 7
65T T T
-1
[T T _T_ T
T__T__T__71
[T T _T_ T
-1
[T T _T_ T
T__T__T__71
m T, T T 100
-1
[T T _T_ T
T__T__T__71
[T T _T_ T
-1
[T T _T_ T
4 T__T__T__71
[T T _T_ T
-1
[T T _T_ T
-1
[T T _ T T_[
T T T T
Sable phosphaté grisatre, cohérent, friable et & fraction marneuse au sommet 0
Calcaire phosphaté fin & fraction marneuse, massif et de couleur grisétre 6
Calcaire phosphate fin grisatre, massif, moyennement résistant a tendre
7
Sable phosphaté fin grisatre, tres peu cohérent, grésifié par endroits
100
0
Calcaire phosphaté grisétre, résistant & dur
Phosphate induré fin grisatre, tendre, a fraction marneuse au sommet entre [70,80-70,90]
et entre [71,54-71,66]
100
Calcaire massif, dur et sain
Phosphate indure fin & fraction marneuse massif et consistant
Calcaire massif trés dur de couleur blanchatre
b Marne argileuse de couleur brunatre a noiratre
Phosphate indure fin, tendre de couleur beige-grisatre, avec un joint de marne entre [73,00-

Figure A. 8: Litho-stratigraphic section for the SC02 drill core (Continued)
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85—

73,04]

Marne indurée, devenant sableuse vers la base 100

Silex phosphaté fin, grisatre, sain et résistant

Sable phosphaté peu cohérent de couleur grisétre

0
Calcaire massif blanchéatre, dur et sain 9
Marno-calcaire massif, sain de couleur beige-jaunatre & joint marneux au sommet 9
Marne jaune massif 100 J0
Argile de couleur variable (jaunatre, grisatre et parfois noiratre), a passage de marne
sableuse entre [76,55-76,65]. Légérement marneuse vers la base 0
Sable phosphaté legérement cohérent, friable de couleur grisétre a beige

0

Phosphate induré grisatre, massif, sain et résistant, tendre a la base

Couche formée de la craie plus ou moins altérée par endroits et présence des nodules de
silex

0000000000000 00000000
0000000000000 00000000
100000000000 0000000000¢:

1000000000000000000000¢:

Alternance entre sable phosphaté [égérement grésifié et marno-calcaire altére, tendre et
friable

Calcaire crayeux légerement silicifié, dur, trés fracturé

Caclaire phosphaté sain et résistant

11H

[
T T _ : .
i Marno-calcaire sableux beige, phosphaté
'I 'I
s \ T \ 1| Calcaire crayeux légerement silicifié par endroits, dur,tres fracturé
T T T
T T T I II Couche formée de craie avec quelques nodules de silex
S
T T
S
S
T T T

Figure A. 9: Litho-stratigraphic section for the SC02 drill core (Continued)
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Calcaire phosphaté massif, sain et résistant 6
Sable phosphaté a phase marneuse au sommet entre [86,43-86,73] cohérent, friable, de
couleur beige 100
0
b 100
-~ | Calcaire gréseux phosphate, fossilifere, massif, sain et moyennement resistant
i e ) - ) . 100
- -1l Sable phosphate carbonaté fin, cohérent et friable
Calcaire phosphaté de couleur beige-grisatre, localement silicifié
100
90 4 " ~7~7~7|\ Phosphate induré tendre
OOOO 100
O O OOl Couche formée de la craie plus ou moins altérée par endroits et présence des nodules de
OO OO silex
OOOO 100
|coocoo
OOOO
OOOO 100
OOLCO
(olelele
I I I
| 7T T 1T | Craie massive de couleur beige-jaundtre
T L T L T L
T L T L T L 87
s B xT B xT B
Sable phosphaté griséatre trés peu cohérent a pulvérulent, grésifié au sommet
Marno-calcaire jaunétre surmonté par un joint d'argile brine 100
Silex phosphaté tres dur
Calcaire jaunatre, massif et moyennement résistant. A passage de marne jaune au
sommet
100

Figure A. 10: Litho-stratigraphic section for the SC02 drill core (Continued)
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Coordonnées : Lieu : Mine Nord Panneau 8 et & Date du relevé : 08/01/2020 a 09/01/2020
X = 275527 Diamétre du carottier mm : 116 et 101 Levée par : El Habib Hassal et Safa Chlahbi
Y = 185026 Date de réalisation  23/12/2019 & 04/01/2020
P (m) Lithologie Description TCR (%) RQD(%)
07
Limon brun a racines (Terre végétale) renfermedes graviers et blocs de calcaire
0
100
AN AN : A N A 0
Tuf calcaire rosatre a blanchatre
Nrtztzt
II T . T L || Craie altérée tendre avec des remplissages limoneuses brunes au niveau des 0
I T T | discontinuités
I I T
Rl el Craie consistante présentant des fractures obliques et des fissures verticales & sub-
I 1T 1| verticales. 100 |©
T T T Présence des traces d'oxydation brunatres au niveau des discontinuités
Phosphate induré tendre & friable par endroits, de couleur grisatre
0

Calcaire gréseux, massif trés consistant, a passage de calcaire tres fracture a la base
entre [3,60-3,80]

96

i II II II Craie consistante, présentant des fractures sub-horizontales, obliques a traces d'oxydation,
pl q Y
+T T 1T || brunatre, rougeatre et violacée au niveau des discontinuités
il
T + T + T T 93
e
5| LT T
il
S
BN i i
Calcaire phosphaté tendre
il
T T 1| Craie avec des discontinuités de directions variables, présentant des traces d'oxydation 100
I I I
s \ Marno-calcaire massif beige, de plus en plus gréseux vers la base
IR |

Calcaire phosphaté & fraction marneuse, consistant, tendre par endroits de couleur
grisatre

Marno-calcaire crayeux au sommet 93

Sable phosphaté grisatre peu cohérent friable

Calcaire phosphaté grisatre, dur avec des inclusions cooprolithiques 87

Calcaire crayeux, massif, & niveau de couleur violacée

Calcaire phosphaté massif & intrusions cooprolothiques, grisatre

100

Calcaire phosphaté, moyennement consistant et tendre par endroits, grisatre a beige

100

Figure A. 11: Litho-stratigraphic section for the SC04 drill core



Marno-calcaire a fraction sableuse, beige, tendre a friable par endroits

Sable phosphaté fin, beige plus ou moins cohérent, friable

Phosphate induré fin, beige grisétre, tendre

Sable phosphaté fin grisatre a beige, plus ou moins cohérent par endroits, friable

Figure A. 12: Litho-stratigraphic section for the SC04 drill core (Continued)
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100
Calcaire phosphaté fin grisatre, massif dur kS I
Phosphate induré fin grisétre, consistant a tendre 0
Sable phosphaté fin de couleur beige-grisatre tres peu cohérent, friable 100
0
Phosphate induréfin beige grisatre, moyennement consistant a tendre
100
0

Calcaire massif, sain, dur, grisatre a blanchatre

100

Marno-calcaire, massif, sain, consistant, beige

Calcaire blanchatre et dur, présentant un joint marneux entre [29,88-29,92] 100

Marne beige indurée

Calcaire gréseux beige-blanchatre, massif, moyennement résistant, a fracture oblique vers

30,55 m.
A passage de calcaire crayeux a la base

Marno-calcaire beige consistant

100

Calcaire gréseux beige, massif & passage de marne entre [31,48-31,60] et calcaire crayeux

a la base entre [31,80-31,94] et une fracture oblique vers 31,27 m

—44'—4‘%5 1
=

-
T \ \ Marno-calcaire beige-blanchéatre, tendre & passage de la craie vers la base [32,45-32,60]

TlrlT
T T T T T Marne blanchéatre, indurée
T T T T T 100 | g
T T T T T
T T T T T

‘ - ‘ - ‘ 1 Marno-calcaire blanchatre, massif a passage de la craie a silex au sommet entre [33,22- 0
T T T[] 3336)
T T T T T
I I I I I Marne blanchatre, indurée 0
T T T T T
: : : : : : : : : : Calcaire blanchatre & nodules de silex 100 |0
T T T 1 Marne verdatre, rougeétre a la base
TT TT TT T 0
TT TT TT T
T T T T

Sable phosphaté fin & phase marneuse, cohérent, friable, de couleur verdatre 0
83
Calcaire phosphaté a phase marneuse, consistant, tendre I

Figure A. 13: Litho-stratigraphic section for the SC04 drill core (Continued)
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100

Sable phosphaté fin grisétre, pulvérulent

100

Calcaire phosphaté grisatre fracturé a la base, a passage tendre au centre

Sable phosphaté fin, grisatre

Calcaire phosphaté fin, beige verdatre, consistant
92

Marne a marno-calcaire verdatre, tendre, avec des nodules de silex entre [39,63-39,78],
entre [40-40,10] et entre [40,30-40,50]

100

Calcaire crayeux, massif, rosatre, dur

Marne a marno-calcaire verdatre

Calcaire crayeux, rosétre, massif et dur 0
. ) . 93 |0
Marno-calcaire verdatre, consistant
Silex phosphaté, grisatre, dur, fissuré verticalement
Sable phosphaté fin, grisétre-beige par endroits, pulverulent
0
100

Calcaire dur, grisatre, fracturé

gl
1]

Marno-calcaire sableux beige-jaunatre, massif, consistant

A
_«4

Marne jaunatre indurée devenant plus argileuse vers la base entre [44,4-45,70] a passage 100
de calcaire tendre entre [45,20-45,40]

ERRRRER
HA A
i
A HH| A
HH oo Ao 1
thhhhRRR

e e o o o Y S

T
_4
H
ﬂj
H

= Argile rouge indurée saine massive 0
100
Marne jaune indurée 0
Sable phosphaté beige & phase marneuse, moyennement cohérent, friable 0
Sable phosphaté fin grisatre, pulvérulent 0
89
Phosphate induré grisatre, moyennement résistant 0
Couche formée de la craie, a silex abondant vers la base entre [48,16-48,90]
8|

Figure A. 14: Litho-stratigraphic section for the SC04 drill core (Continued)
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OO0
o000
calcaire phosphaté grisatre, fragmenté, devenant calcareux vers la base
0
O O O Q| Couche formée de la craie, a nodules de silex trés abondants, surmontée par un calcaire
OO0 entre [49,55-49,70]
OCOOO 80
OOOO
OOOO
OCOOO 3
(oleoleolod
OOOO
OOOO
OCOOO
OO0OO 93
olelele)
T T T T
: ‘ . ‘ : ‘ : ‘ . ‘ : ‘ : ‘ Calcaire tres fracture obliquement a 35°
I ENENE Q)
S
OO O O| Couche formée de la craie et des nodules de silex abondants
oOOO0O 9
OOOO
o000 0
oOOO0O
OOO0O
OOO0O
(olelele)
I l I ‘ I ‘ Calcaire beige, tendre
T 1 100 jio
I
I [ [
| Silex phosphate, dur, grisatre 8
sable phosphaté cohérent, tendre 94
- - 100
Clcaire phosphaté dur, grisétre 0
Sable phosphate fin, pulvérulent, grisatre, a traces bioclastiques
3
Calcaire phosphaté dur, grisatre, silicifié au sommet et fissuré verticalement
80 0
Sable phosphaté fin beige-grisatre, pulvérulent
0
Calcaire phosphaté grisétre dur, tendre vers la base, présentant des fissures verticales
Calcaire silicifié présentant des inclusions oolithiques
100 7
N T T T
O O O Q| Couche formée de la craie a nodules de silex abondants o]
836a5830003080 - - — — - 0
8 8 8 8 Calcaire phosphaté moyennement résistant, grisétre, fracturé 100
Couche de craie, tres fracturée a nodules de silex au sommet
OOOO
OO0 0
O00O 85 o
OO0
o000
OOOO
OOOO
o000
- ‘ T ‘ ]| Alternance craie et marno-calcaire beige a traces d'oxydation jaunatres, suivant le plan de 100 I@
..\ stratification horizontale
o o 0
Sable phosphaté grisatre, pulvérulent & joint de marne jaunétre & la base
\Sllex phosphaté dur, grisatre, présentant un joint de marne sableuse verdatre (3 cm) /

Figure A. 15: Litho-stratigraphic section for the SC04 drill core (Continued)
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Coordonnees : Lieu : Mine Nord Panneau 8 Date du relevé : 07/01/2020 a 08/01/2020
X =276526 Diamétre du carottier mm : 116 et 101 Levée par : El Habib Hassal et Safa Chlahbi
Y= 184054 Date de réalisation : 23/12/2019 & 04/01/2020
P (m) Lithologie Description TCR (%) RQD(%)
07
Limon brun a racines (Terre végétale), renferme des blocs de calcaire 0
Mélange de calcaire rosétre, de gravier et des blocs de calcaire centimétriques &
décimétriques, compact dans la masse 100
7 0
Conglomérat mal cimenté, compact.
b - Liant formé de limon calcaire rosétre
- Elément figuré alluvionnaire de nature calcaire 100
0
Conglomérat poudingue rosatre (€lément arrondi). Présentant des passages mal cimentés
entre [3,30-3,45] et entre [4-4,5]. La phase de liaison est limon calcaire
100
RO 0
SO
e xee
SIREREXG
OOOOOC 100
RO
ORI
i Qﬂoﬂof
/‘\ ‘ /‘\ ‘ ‘ Tuf-calcaire sableux rosétre avec des graviers et blocs de nature calcaire et gréseuse
0
100
Calcaire phosphaté grisatre, massif a inclusion cooprolithique, résistant
Craie blanchatre, surmontée par un passage de limon tufacé. Présence des passages : -
Silex [7,50-7,60] - calcaire [7,60-7,70]
Calcaire blanchéatre massif, dur 100
Marno-calcaire, massif de couleur beige-violacée, sableux a la base
Sable phosphaté, fin, grisatre a beige légérement coherent, friable
. N . ) . ) 100
Calcaire crayeux légerement sableux par endroits, de couleur beige-rosatre, massif

Figure A. 16: Litho-stratigraphic section for the SCO03 drill core



Marno-calcaire de couleur beige, tendre, plus ou moins sableux vers la base

100
0
Sable phosphaté fin, beige, trés peu cohérent, friable 100
100
0
100
Calcaire phosphate grisatre, dur 100 .LI
Sable phosphaté fin, beige, tres peu coherent, friable
75 0
Phosphate induré fin, beige, tendre, friable par endroits 100
D
100
Sable phosphaté fin de couleur beige, l1égérement grésifie, tendre et friable
100
0
100
= 1

Figure A. 17: Litho-stratigraphic section for the SC03 drill core (Continued)
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| [HH[ Calcaire gréseux, massif, grisatre
| e e e 100
T‘TT—‘FTT‘T—[ Marne bariolée
T ‘ T ‘ T ‘ Marno-calcaire a fraction sableuse fine, bariolé, massif et consistant
T ] 7]
257 T T T T
T1TITIT:[[ Marne bariolée
T T T T
By gy
T T 100
[ - [ - [ || Marno-calcaire sableux, violacé au sommet, beige vers la base, massif et consistant, avec
T | T[] T[]l présence des niveaux de craie entre [25,98-26,04] et vers 25,8 m
T[] T
T [ |
—‘r L —‘r L —‘r L|| Alternance décimétrique de marno-calcaire gréseux et de la craie, massif et consistant 100
T [ T
I I I
T ‘ T ‘ T ‘ Marno-calcaire sableux, beige, massif consistant
o000 . : e o
Couche formée de craie et de nodules de silex, & passage de calcaire a la base
lcoooo passag
OOOO
o000 100
OO0
—‘r ‘ —‘r ‘ "‘r ‘ Marno-calcaire massif et consistant violacé a beige
1T ‘ T | T ‘
LT LT Calcaire massif dur
Phosphate induré fin a fraction marneuse, tendre 100
Sable phosphaté fin grésifieé a phase carbonaté de couleur beige-grisatre
Calcaire phosphaté fin & phase carbonatée de couleur beige-grisatre, tendre au
sommet et devenant consistant vers la base 100
100
Sable phosphaté fin grisatre pulvérulent, Iégérement cohérent par endroits
100 0
100
Silex phosphaté beige-grisétre dur et fracturé. Présentant des inclusions centimétriques a
décimétriques de craie silicifiee
100
Calcaire crayeux blanchétre & viclacé, massif
Marne sableuse violacée

Figure A. 18: Litho-stratigraphic section for the SC03 drill core (Continued)
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Marno calcaire fin & fraction marneuse de couleur violacée & beige, massif, consistant
Marne argileuse, indurée, violacée, fissurée verticalement entre [36,40-36,62] 100 o
Silex phosphaté, massif trés dur, grisétre LI
Sable phosphaté grossier, pulverulent, beige-grisatre
0
100
Phosphate induré grisatre, moyennement consistant fracturé
Alternance de marno-calcaire sableux et de phosphate induré fin de couleur jaunétre
a grisatre dans la masse
Sable phosphaté fin, beige, grisatre au sommet et & la base, pulvérulent, peu cohérent et 100
friable vers la base
0
100
Calcaire phosphate grisétre a beige massif, dur au sommet et Iégérement tendre a la base
Sable phosphaté fin grésifié friable, beige
0
100
Phosphate induré fin, massif, moyennement consistant, de couleur beige-grisétre
37
sable phosphaté fin de couleur grisatre trés peu cohérent a grésifié par endroits
4 0
100
T T T
ITITITIT Marne jaune indurée
T__T__T__"1
ITITITI‘[ 0
TTTTTTT—[
= TTTTTTT—[
i .l Phosphate induré fin carbonaté de couleur grisétre, massif, consistant, moyennement tendre
T__T__T__"1 100
R R . .
Lt +.*..*{|\ Marne jaune dans la masse indurée
Sable moyennement cohérent a pulvérulent a passage grésifié entre [44,8-45,03] et entre
[46,30-46,42]
100
Alternance de marno-calcaire et de craie massive, beige a blanchétre 100
Sable phosphaté fin grisatre , peu cohérent friable, grésifié par endroits
100

Figure A. 19: Litho-stratigraphic section for the SCO03 drill core (Continued)
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Couche formée de craie et calcaire crayeux avec des nodules de silex, & passage de
calcaire & calcite entre [50,24-50,40]

100
100
Calcaire carbonaté a phase marneuse tendre friable, grisatre a violacé. A passage de 100
craie tendre entre [51,44-51,54], entre [52,00-52,07] et entre [52,53-52,60]
6
Marne rosatre 100 |g
Couche formée de silex et de craie o5
43
Marno-calcaire sableux fin, massif de couleur beige, consistant
0
Couche formee de silex et de craie
100
Alternance de sable phosphaté fin et de phosphate induré tendre plus ou moins friable
de couleur grisatre. Passage de silex entre [55,20-55,30]
0
89
Alternance de sable phosphaté fin et de phosphate induré tendre de couleur grisatre.
83 0
Calcaire phosphaté beige, massif, consistant Eg I
100
Alterance de sable phosphaté pulvérulent grisatre et de calcaire silicifié trés dur 0
Alternance de calcaire crayeux, de craie et de marne jaune. Présence des nodules de silex
par endroits
100
0
Silex phosphate fin, dur, grisatre. Passage de marme jaune entre [59,83-59,94] 71
0
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Figure A. 20: Litho-stratigraphic section for the SC03 drill core (Continued)
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Sondage N* : SC05
Coordonnées : Lieu : Mine Nord Panneau 8 Date du relevé : 18/12/2019 a 19/12/2019
X = 277050 Diamétre du carottier (mm) . 116 et 10 Levée par : El Habib Hassal et Safa Chiahbi
Y =181498 Date de réalisation :28/11/2019 a 19/12/2019
Profondeur () Lithologie Description TCR (%) RQD (%)
0 NOPR OIS . . . - o
M43 Bloc conglométrigue de taille centimétrique a décimétrique, & matrice limoneuse 0
S , N 100
XOA P(XOA Conglomérat, mal cimenté entre [0,46-0,54] 0
vy Y'Yy Tuf calcaire rosatre, avec quelques blocs quartzitiques et calcaire
vIviviy 100 |0
MR,
vV
vivYyv Yy
ﬁﬁ'opv Q Conglomérat mal cimenté & un liant tufacé roséatre 100 b
MO aG;
—— 1| Limon calcaire rosatre, trés peu cohérent , friable
\ ‘ \ ‘ | 100 |lg
L &OgQOAC Conglomérat mal cimenté a lache, a élements arrondus a subarrondus, la phase de
S o 0| liaison est de nature tuf-calcaire rosatre abondante par rapport aux éléments figurés de |88
&O?PQO? /| nature quartzitique et calcaire de taille centimetrique et decimétrique
AT
Xogﬁoélc 100 o
LS 90
25 PR
SPYAS
@ pﬁOA
VOV VN TUf calcaire rosatre légérement cohérent, renferme des éléments centimétri S 100
VoV calca g G ) ques a
SV "V TV V|| décimétriques de nature quartzitique
\/\/\/\/\/\/V 0
vYvYv Yy
vYvYyv Yy 100
| 3 va N Conglomérat mal cimenté au sommet et bien cimenté ou massif a la base, la phase de 0
NCL# (2] liaison est carbonatée
XOOP'Q Conglomérat formé de :
: .<&A 3T Q% - éléments figurés de nature calcaire, marno-calcaire et quartzite de taille centimétrique
> O»pv a décimétrique 100
L XOA g QOA - Phase de liaison constituée de tuf, de calcaire et de marne. De couleur beige a
QOV K| blanchatre
N
(@S 0
R
\OSPCS o
L QOV N
~OPY
\OPaCs
Tuf calcaire-marneux, blanchatre fs}
*I Iﬁ - . . . .
L alcaire blanchétre massif, dur, passage des fissures entre [9-9,24] a remplissage
j—,j_—y—‘j_—rCI blanchat f, dur, p ge des fi tre [9-9,24] & plissag
- { - [ —|| marneux. Alternance de calcaire -craie et calcaire crayeux, la transition entre les faciés 100
[ [ — [|| estindistincte, tres fracture entre [12,35-12,8]
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=] [ =
100 L =T 1
=] [ =
[ = [ =1
=] [ =
[ = [ =T 100
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Figure A. 21: Litho-stratigraphic section for the SCO05 drill core
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=] =] — 49
[ = [ =1
[ = [ =1
] ] T 94
[ = [ =1
[| T ‘ T ‘ mn
[ = [ =1
[ = [ =1
[ = [ =1
SEEE
] 71
—[---1---T--1 Calcaire crayeux massif, blanchéatre & grisatre, avec des fractures sub-horizontales et
ﬁ““““‘”ﬂ obliques a2
HATATAY L9
OO0 Niveau de craie & nodules de silex trés abondants 0
(olejele)
Ho L L) Alternance de craie, marne et marne sableuse blanchatre. Passage de nodules de silex  ||10g
L] entre [15,10-15,20] et entre [15,45-15,75)
0
100
Crais fin blanchétre, tendre a phase de liaison marneuse 100 7
Sable phosphaté de couleur beige, friable, avec des dents de poissons, grésifié au
centre 0
100
Calcaire phosphaté, massif, dur a oolithes 84
Alternance de calcaire et de craie blanchatre, massif, & passage d'une silicification entre
[17,60-17,77] et vers 17,90 m 100 |[B2
Marne jaunatre et verdatre vers la base
0
m T T
‘ ‘T ‘ ‘T Ll calcaire crayeux par endroit massif, blanchétre, légérement sableux entre [19-19,15] 100
‘T ‘T 13
1 T.
:.:1| sable fin phosphaté friable, beige 0
Calcaire gréseux massif, blanchatre 100 m
2017 Marne sableuse, cohérente verdatre 0
Craie blanchatre 0
: -~ Marne sableuse verdéatre 0
e Sable phosphaté fin, beige 0
g Calcaire phosphaté a inclusions coprolithiques, massif et blanchéatre, crayeux a la base 93
() (S Marne sableuse fine verdatre, cohérente, friable, & passge de calcaire a la base
‘!‘ : ‘!‘ : ‘!‘ - T|| Marne indurée, bariolée( couleur : verdatre,rougeatre et des traces d'oxydation)
. T . T : T LT
oolooallonalionols
SEiTEc T 100 ||0
[ T . T : T LT
. T . T : T LT
N I I R

Figure A. 22: Litho-stratigraphic section for the SCO5 drill core (Continued)



Marne sableuse au sommet et crayeuse entre [23,7-23,8]

Sable fin , beige-verdéatre, phosphaté avec des passages a fraction marneuse entre
[24,55-24,8] et entre [25-25,20]

Calcaire phosphaté colithique et a cooprolithe, trés fracturé au sommet

Niveau de craie & nodules de silex abondants

Sable phosphaté a fraction marneuse, beige, peu cohérent et grésifié a la base

Calcaire gréseux blanchétre, massif, tendre et fracturé par endroits

Sable treés carbonaté blanchatre, friable

Sable phosphate, beige-grisatre pulvérulent

Calcaire phosphaté, carbonaté, grisatre et consistant

Sable phosphate fin Iegérement grésifie de couleur grisatre-blanchatre

Calcaire phosphaté dur, grisatre, avec des intrusions quartziques centimétriques

Calcaire phosphaté carbonaté, grisatre au sommet et beige a la base, légéremnt consistan

i

100

100

100

100

100

100

100

100

100

Figure A. 23: Litho-stratigraphic section for the SC05 drill core (Continued)
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et friable par endroits g3

Sable phosphaté fin, grisatre, pulvérulent a friable 100

Calcaire phosphaté grisatre, dur

Calcaire blanchatre, massif, consistant,gréseux au sommet

Marno-calcaire beige-blanchatre a passage de :
- Calcaire gréseux tendre entre [38,8-38,93]

- Marne verdatre entre [39,8-39,92]

- Craie blanchatre entre [39,29-40]

100

100

HRHD

=
.
}.

441

el ki

_4

4H

Craie massive, trés consistante

<|
HH A

Marne verdatre indurée

_‘4

00|+
100
100

Marno-calcaire, verdatre, consistant et sableux a la base, & traces d'oxydation
horizontales

100!

H A A
_1;1;_1;
simiimiin

93

‘v Niveau de craie a nodules de silex abondants

Marno-calcaire verdatre & beige, a passge de silex vers 42,65 m

L L | Craie blanchatre massive

Calcaire phosphaté a fraction marneuse, carbonaté, peu consistant, friable par 100
endroits. Surmonté par un calcaire massif entre [43.10-43.25]

Calcaire phosphaté de couleur grisétre, massif

87

Sable phosphaté pulvérulent, grisatre, a passage de phosphate induré entre [45.90-46.00]

71

Calcaire phosphaté, massif, dur, grisétre 90

Calcaire beige-blanchéatre, massif, dur, a fractures obliques vers 47.53 et 47.70 m

80

93

Marno-calcaire beige 97 I

e p——— 0

Figure A. 24: Litho-stratigraphic section for the SC05 drill core (Continued)
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Marne verdatre
L - T+ T |\ Phosphate induré grisétre, tend t
T T.T osphate induré grisétre, tendre au somme
Craie gréseuse et tendre a la base 92
Calcaire phosphaté, dur au sommet, tendre a la base
Silex, trés fracturé au centre
50—
Sable phosphaté fin, & fraction marneuse, grisatre, peu cohérent et friable
0
93
L Sable phosphaté beige, grossier au sommet, fin a la base, friable 0
Calcaire phosphaté, grisatre, peu résistant 0
| Sable phosphate beige-griséatre, treés peu cohérent, friable a3 .
Phosphate induré, moyennement résistant 0
- I I
| | | ] Marno-calcaire gréseux, beige-jaunatre, tendre
T[T T 100
ITITITIT Marne jaune-beige, légérement indurée, sableuse au sommet
IESEEEEs
[T_T_T__"T.
Sianasann
T_[_T_I_T_’_T_[
T_[_T_I_T_’_T_[
TTTTTTT_[
T T T 0
TTTTTTT_[ 100
IERERERE
5] 7TITITIT:[[
[T_T_T__"T.
IESEEEEs
[T_T_T__"T.
TTTTTTT—[
Sable phosphaté a fraction marneuse, peu cohérent, friable, pulvérulent et grossier a la
base
92 0
Alternance de calcaire, calcaire gréseux et silicifié.
- Joint de marne vers 57.65 m et joint de sable phosphaté entre [58.0-58.05] 167
Sable phosphate fin a fraction marneuse, grisatre peu coherent 100
Marne jaune
Calcaire silicifi¢, trés dur
100
Sable phosphaté fin, beige, pulvérulent
Marne sableuse molle, blanchéatre
Couche formée de : silex a épaisseur décimétrique, craie tendre et parfois de Calcaire.

Figure A. 25: Litho-stratigraphic section for the SCO5 drill core (Continued)



212

N ot o S , L. . L 100
OO O O| Présence de passages de sable phosphate a fraction marneuse peu cohérente
(odelole’
SO000 .
(odedeode]
o000 90
L OOOO
o000
elelele)
I I I I I
D11 Calcaire dur, trés fracturé, & passage de marno-calcaire entre [63.00-63.15]
I I I I I
I I I I I
T T T T T
7:\:\:\:\:\ 02 12
I ! I ! I ! I ! I !
I : I : I : I : I :
T ! T ! T ! T ! T !
I ] I I I
Couche & nodules de silex de taille décimetrique trés abondants avec de la craie
12
100
Sable phosphaté fin grisatre et grossier
Calcaire phosphate a fraction marneuse, grisatre, peu résistant au sommet friable
vers la base.
e 96 0
Sable phosphaté fin grisatre
Passage de calcaire trés fracturé 0
Sable phosphaté beige, pulvérulent, plus ou moins grossier par endroits, avec des
nodules de silex décimétriques
100
4
89
Craie blanchatre a traces d'oxydation brunatres
14
100
Calcaire blanchatre 0
Calcaire trés fracturé (fractures horizontales et verticales) o
Calcaire beige-blanchétre, tres fracturé (fractures obliques verticales et sub-verticales).
A traces d'oxydation brunatres qui suivent les plans de stratification horizontaux
93
100 |6
44
78 |
Sable fin, beige, pulverulent \ 0

Figure A. 26: Litho-stratigraphic section for the SC05 drill core (Continued)



Coordonnées :

X=275494
Y =179792

P (m) Lithologie

Lieu : Mine Sud Panneau 1
Diametre du carottier mm : 116 et 101
Date de réalisation : 23/11/2019 a 06/12/2019

Description

Date durelevé : 05/12/2019 & 06/12/2019
Levée par : El Habib Hassal et Safa Chlahbi

TCR (%)

g

Terre végétale

Limon de calcaire de coleur rose avec éléments frégurés de taille millimétriques &

Passage & nodules de silex avec une intercalation de Marno-calcaire friable

Figure A. 27: Litho-stratigraphic section for the SC06 drill core

[ ] centimétriques 100
T
[ 1
[ 1
[ ]
—— 100
Alternance des marnes verdatres et calcaire, avec un passage au toit de silex de 4 cm
Calcaire blanchatre, montrant des zones d'oxydation jaunatres a moutardes par endroits,
avec une consistance massive et fracturée selon le plan de stratification SO
100
Calcaire blanchatre altéré trés fracturé
90
Calcaire a couleur variable (bariclee), jaune, beige et vert, avec des traces d'oxydation.
Massif & fractures sub-horizontales, avec des intrusions de silex de petite taille. Présence
des passages siliceux poreux entre [7,46-7,5]
93
100
Passage phosphate siliceux & oolithes
Alternance décimétrique de marno-calcaire beige et de calcaire a oolithes
Sable fin carbonaté 100
Calcaire gréseux consistant de couleur grisatre
Marno-calcaire, induré au sommet et friable vers la base. Présence de silex au toit et vers
lacéte 9,1 m
Calcaire phosphaté & oolithes et ciment siliceux
Marno-calcaire tendre grisatre
Calcaire phosphaté et gréseux massif /
/ 92
{
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- \ Marno-calcaire verdatre

Sable phosphaté fin grisatre friable. Passage de calcaire phosphaté decimétrique vers 10,6

Silex phosphaté dur et massif

\Calcaire beige, avec des intercalations sableuses phosphatés

Passage quartzeux issu d'une silicification par des eaux de circulation souterraine. Nodules

de silex au toit (10 cm) et & la base

Marno-calcaire verdatre de plus en plus induré vers la base, présentant une phase

sableuse trés fine

Sable phosphaté friable

Calcaire phosphaté massif consistant

Marno-calcaire verdatre, induré

Sable phosphaté friable fin

Calcaire phosphaté consistant a oolithes

Marno-calcaire verdéatre de fraction de sable fin, Iégérement induré

Marno-calcaire, induré a traces d'oxydation brunatres, des passages de calcaire entre

[16,3-16,4], entre [17,4-17,5] et entre [17,05-17,10]

Sable fin légérement marneux verdatre peu cohérent. Passage de calcaire entre [18,4-
18,5]; et vers les cotes 10,25 et 18,10 m

Marno-calcaire a fraction sableuse fine, verdatre a brun tendre, avec des traces

d'oxydation noiratres et rougeétres

Sable phosphaté grisatre & débris de bioclastes de taille méllimétrique. Présence des
intercalations de calcaire phosphaté a oclithes entre [19,9-20,1]

Calcaire phosphaté massif et résistant. Présence des oclithes et intrusions blanchatres
entre [20,6-20,9]

Calcaire gréseux de couleur grisatre & blanchatre, massif et résistant. Présence d'une

intercalation marno-calcaire entre [21,7-21,9]

Sable phosphaté moyennelent fin, grisétre a beige vers la base, trés peu cohérent.
Passage gréseux entre [24,25-24,5]

Figure A. 28: Litho-stratigraphic section for the SC06 drill core (Continued)
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100
100
4
100
100
Sable fin beige, devenant grisatre vers la base. Friable légérement cohérent par endroits,
passage de phosphate induré entre [30,25-30,45] & vers la cote 30,83 m
100
2
100
Calcaire phosphaté fin résistant
Sable phosphaté fin de couleur beige
100
0
100
Alternance de calcaire et marno-calcaire
100 [§80

Marno-calcaire bariolé, massif a traces d'oxydation par endroits

Figure A. 29: Litho-stratigraphic section for the SC06 drill core (Continued)
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100

100
Marne sableuse verdétre |égérement cohérente.
Passage de calcaire & silex entre [37,9-38,15], silex entre [ 39-39,10] et calcaire entre
[38,47-38,6]

100
Calcaire blanchatre massif consistant, résistant
Sable fin & fraction marneuse plus ou moins importante par endroits, de couleur grisatre a
verdétre moyennement cohérent 100

0
Calcaire phosphaté (phosphate induré) fin 100
0

Sable phosphaté grisétre friable, gésifie par endroits

100

0

100
Calcaire blanchatre dur avec des passages de silex a fractures obliques & 45° vers 46,05 100
m
Marne sableuse verdatre consistante 100
Sable phosphaté grossier
Calcaire phosphaté massif a une fracture & 47,9 m 100

LT;T;T;—[

Figure A. 30: Litho-stratigraphic section for the SC06 drill core (Continued)
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Marne jaune et verte localement coherente

100
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Sable trés fin phosphaté, grisétre, friable & débris et éléments figurés mm. Passage de
sable fin jaunatre & debris d'os vers la base entre [51,9-52,1]

Calcaire blanchatre a beige, plus ou moins résistant, avec un passage de joints successif
suivant les plans de stratification. Présence d'un niveau de silex au sommet entre [52,1-
52,35]

Sable phosphaté friable gresifié entre [53,8-53,9]

Sable fin phosphate a fraction marneuse friable de couleur grisatre

Sable marneux jaunétre phosphaté friable

Sable phosphaté fin friable grisatre a passage silicifié dur entre [55,63-55,77] et entre
[56,86-56,94]

N
Alternance des niveaux de silex et de calcaire beige jaunatre, présentant des joints et des
fractures subhorizontales et un joint de marne jaunatre vers 58,5 m

Sable phosphaté fin grisatre et grossier vers 59,35 m. Présentant des joints successifs de
marne verdatre entre [59,35-59,65]

Calcaire blanchatre altéré friable vers 59,85 m

Sable phosphaté fin friable grisatre, avec des niveaux de silex entre [60,5-61,1]

Figure A. 31: Litho-stratigraphic section for the SCO06 drill core (Continued)



Phosphate induré fin tendre beige jaunétre devenant friable & la base

100
Calcaire blanchatre massif resistant et fracturé horizontalement avec des silex a la base
Sable phosphaté grisatre friable & passage décimétrique siliceux a la base 100

0

Calcaire gréseux de couleur grisatre, moyennement résistant 44

100
Sable phosphaté fin beige a passage de silex entre [64,1-64,25] 0
Calcaire massif a traces d'oxydation, présence d'un joint marno-calcaire vers 64,45 m

80
Alternance de calcaire et de marne jaune
Sable phosphaté grisatre, friable, gresifi¢ a la base 100
Marno-calcaire verdatre a traces d'oxydation horizontales brunatres. Présence de passage
de marne jaunétre entre [68,2-68,35]

100

100
Calcaire beige a inclusions mm de silex
Sable fin jaunatre friable 100

Figure A. 32: Litho-stratigraphic section for the SCO06 drill core (Continued)
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Sondage N°: 8C07
Coordonnees : Lieu: Mine Sud Panneau Date du relevé : 20/12/2019
X=271812 Diametre du carottier mm - 116 et 101 Levée par : EI Habib Hassal et Safa Chlahbi
Y =179718 Date de réalisation :07/12/2019 a 19/12/2019
E Lithologie Description TCR (%) RQD (%)
5
]
c
o
s
[-%
07
Limon brun (Terre végétale) a blocs centimétriques a décimétriques 0
. ) ) ) 0
Limon brunétre carbonaté a éléments centimétriques de nature calcaire
Conglomérat plus ou moins cimenté par endroits disloqué en blocs. 100
- Eléments figurés : calcaire et silex.
- Présence de liaison : tuf calcaire rosatre, parfois de marne tuffacée
0
100
Silex phosphaté massif dur EU
100 |5
Craie blanchéatre 0
Marne blanchatre & fraction sableuse par endroits
0
Sable phosphaté fin verdatre & fraction marneuse, cohérent, friable
Calcaire phosphaté de couleur grisatre massif & inclusions cooprolithiques
Marno-calaire induré verdatre & fractures horizontales et obliques & 45° et & traces 100
d'oxydation brunétres. Passage de craie fracturée entre [7,75-5,85] et entre [7,30-7,40]
0
100
Sable a fraction marneuse fine, verdétre phosphaté a nodules de silex au sommet, 100
friable, grésifié entre [8,95-9,25], passage de craie entre [9,43-9,53]
3
100
Calcaire fin, massif, beige au sommet et blanchétre vers la base s
Sable phosphaté fin verdatre, cohérent, 1égérement grésifié par endroits

Figure A. 33: Litho-stratigraphic section for the SC07 drill core



100 ||°
Sable phosphaté fin verdéatre, cohérent, friable, grésifié par endroits
100 17
Calcaire phosphaté grisatre grossier au sommet, devenant fin vers la base, massif et
résistant
100 |[92
Phosphate induré fin beige, tendre a friable vers la base 63
Phosphate induré fin beige, tendre a friable
100 0
Sable phosphaté, beige-grisatre pulvérulent
100 |0
. e . 0
Calcaire phosphaté fin de couleur grisatre 0
Sable phosphaté trés fin, friable & meuble
Marno-calcaire verdatre, a fraction sableuse fine, massif et compact, a traces 100
d'oxydation rosatres et brunéatres, obligues 45° et 35° et horizontales. Passage de
calcaire a la base entre [19,65-19,8]
32
100
Silex phosphaté fin, grisatre massif a traces d'oxydation brunétres, moyennement 100
résistant & nodules de silex entre [20.10-20.20] et entre [20,35-20,5]
36
100
Sable phosphaté fin gresifig, de couleur grise 0
Calcaire phosphaté fin massif relativement tendre, grisatre, de plus en plus friable vers
la base
100

Figure A. 34: Litho-stratigraphic section for the SC07 drill core (Continued)
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24
Sable phosphaté, grisétre, pulvérulent, grésifié a friable entre [24,7-24,9]
100
0
Calcaire phosphaté fin, grisatre devenant tendre et friable vers la base
100
Sable phosphaté pulvérulent, grisatre
100 0
Calcaire phosphaté massif dur renfermant une discontinuitée & calcite ( Eau 100
souterraine) [28,20-28,25] 50
Calcaire blanchatre gréseux tendre vers la base 0
0
i Sable marneux phosphaté
: Calcaire phosphaté fin, grisatre. Un nodule de silex vers 29,10 m 100 |34
h—dh—dh -4 4
O OO O || Couche de craie @ nodules de silex au sommet
(ololeole]
Vo000 15
OO0OO
COOO 100
NN s . . - )
H Lo Lo Lo) Sable marneux phosphaté grisatre, peu cohérent, friable, avec quelques joints de craie
hiE i) ala base 0
T
L
Sable phosphaté pulvérulent
92 0
Phosphate induré dur au sommet et tendre vers la base, grisétre 60
Sable phosphaté pulvérulent grisatre 92
0
Phosphate induré, grisatre, tendre
0
100
Silex phosphaté grisatre massif, dur 75

Marne jaunatre a beige indurée

Figure A. 35: Litho-stratigraphic section for the SCO7 drill core (Continued)
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45—

Aot 100
Sable phosphaté pulvérulent grisatre 6
‘ = ‘ — ‘ Silex phosphaté grisatre, massif dur
Tl 7] Marno-calcaire jaune-beige, massif 95
CT T
o] T ]
T T T
T Tr | Marne jaune beige
TTTTTTT—(
RS
T T T 0
TTTTTTT—(
T_’_T_’_T_’_T_r
TTTTTTT—(
T 100
T T, T
Sable phosphaté pulvérulent a passage de phosphate induré entre [38,85-38,98]
6
83
Silex phosphaté massif dur & inclusions oolithiques au sommet. Passage trés fracturé 73
horizontalement entre [39,86-39,91]
Sable phosphate, peu cohérent & fraction marneuse, grisatre, & passage de phosphate 93
induré entre [40,78-40,90] et entre [41,20-41,30]; et un passage de marne entre
[ 41,42-41,50]
6
100
Sable phosphaté pulvérulent de couleur grisatre 0
Calcaire dolomitisé, dur, trés fracturé, gréseux au sommet
100
AT AT AW AW
O OO O|| Couche formée de craie et de nodules de silex trés abondants. Passage a joints
OO O O|| sableuxentre [43,90-44] 0
(oleleole)
LT Alternance de marne sableuse beige, de calcaire et de marno-calcaire beige
T 100
::::::::::::::: Sable phosphaté a fraction marneuse, couleur beige-grisatre, friable peu cohérent o
Calcaire beige-blanchatre dolomitisé entre [ 45,26-45,46] a fractures obliques contenant
des traces d'oxydation brunatres a 45,10 et 45,20 m 30
Marno-calcaire massif beige- jaunéatre 100
52
Marno-calcaire, beige, tendre 0
Sable phosphaté a fraction marneuse grisétre 27
Calcaire phosphaté a intrusions centimétriques de silex 100
Alternance de silex et de calcaire, & fractures obliques a 45° joint & remplissage 16

Figure A. 36: Litho-stratigraphic section for the SCO7 drill core (Continued)
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marneux vers 47,45 m

Calcaire phosphaté, marneux au sommet, tendre et friable

Calcaire gréseux, massif, beige, moyennement résistant

Phosphate induré a bioclastes, tendre et friable, beige 100
Calcaire massif, dolomitisé entre [48,95-49,25] et & intrusions de silex vers la base
Passage de silex, fragmenté au centre
Calcaire phosphaté grisétre a passage de calcaire dur entre [50,2-50,40]

100
Sable phosphaté, grisatre avec du silex a la base
Calcaire dur a joints marneux au sommet et a la base de 2 cm

. . 100

Silex phosphaté a silex & la base
couche de craie & silex au sommet
Marno-calcaire, massif jaunatre et blanchatre

100
Sable phosphaté & débris bioclastiques grisatres, surmonté par un passage de marne
sableuse grisatre de 10 cm
Calcaire massif beige et grisatre par endroits, avec une fracture sub-horizontale.
Passage tendre & la base de 20 cm entre [55,60-55,80]

100
Calcaire dolomitisé dur, massif, présentant des fractures et des fissures d'oxyde de 100
Magnésium noiratres. Passage de calcaire & fraction marneuse tendre entre
[56,06-56,17]
Sable fin jaunatre a beige peu cohérent, friable
Alternance de sable et de marne sous forme de lamination millimétrique a 100
centimétrique, de couleur beige-jaunatre, peu cohérent, friable
Marno-calcaire sableuse massif jaunatre, moyennement résistant

100

Phosphate induré fin jaunéatre tendre

Alternance de marne, marne sableuse et sable marneux (millimétrique & centimétrique,
parfois décimétrique)

Figure A. 37: Litho-stratigraphic section for the SCO7 drill core (Continued)
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Calcaire fin, beige a jaunatre massif & traces d'oxydation jaunatres qui suivent le plan
de stratification. Présence d'un passage de silex entre [62,15-62,25] et de marne entre
[61,40-61,45]

100

100

100
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Figure A. 38: Litho-stratigraphic section for the SCO7 drill core (Continued)
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3. Some photographs of the sampling mission (core drilling and mining trenches)

Figure A. 39: Collecting and preparing samples from core drills



Figure A. 40: Sampling from mining trenches
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APPENDIX B Supplementary material of article 1: Geological and geomechanical
characterizations of phosphate mine waste rocks in view of their potential civil applica-

tions: a case study of the benguerir mine site, morocco
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Figure B. 1: The UCS intervals for the six facies.
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APPENDIX C Supplementary material of article 2: An upstream geo-environmental assessment of sedimentary phosphate

1. The results of major elements, trace elements (TEs), and rare-earth elements (REE)

waste rock

Table C. 1: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-11 to S2-110

Samples S2-11 S2-12 S2-13 S2-14 S2-15 S2-16 S2-17 S2-18 S2-19 S2-110
Major oxides o

(Wt.%) D.L (%)

SiO2 0.01 7.86 4.81 7.13 4.06 9.76 15.15 10.55 24.2 20.4 50.14
ALOs 0.01 0.51 0.52 1.26 0.38 0.57 0.43 2.3 1.38 1.42 1.71
Fe2Os 0.01 0.18 0.23 0.37 0.21 0.27 0.17 0.99 0.47 0.49 0.86
CaO 0.01 49.6 50.87 31.9 53.5 47.08 47.7 26.9 33.7 36.2 22.33
MgO 0.01 0.51 0.62 17.75 0.61 0.77 0.62 17.6 6.73 6.96 2.08
Na20O 0.01 0.52 0.57 0.05 0.13 0.24 0.33 0.03 0.17 0.16 0.13
K20 0.01 0.07 0.08 0.13 0.05 0.11 0.13 0.12 0.35 0.35 0.31
TiO2 0.001 0.03 0.029 0.08 0.02 0.039 0.06 0.14 0.16 0.19 0.172
P20s5 0.01 20.7 21.43 0.38 2.92 7.98 13.75 0.42 5.62 6.03 3.37
LOI 18.35 19.1 42.5 39.1 31.19 23.1 40.7 27.6 29 18.51
Total 98.49 98.25 101.58 101.08 98 101.55 99.79 100.5 101.29 99.61
Trace elements D. L

(ppm) (ppm)

Ba 2 119.5 168 28.4 155.5 77 96.2 25.3 81.8 80.8 65
Cr 20 280 180 40 70 120 160 50 200 170 220
Cs 0.1 0.21 0.2 0.39 0.14 0.2 0.14 0.49 0.49 0.49 0.8
Ga 1 1.2 2 1.6 0.6 2 0.7 32 2 2 3

Hf 0.1 0.6 04 0.6 0.2 1.1 1.4 0.8 3.1 3.8 0.8
Nb 0.2 0.6 0.5 1.4 04 0.7 1.2 2.2 3.1 4 3.1
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Table C. 2: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-11 to S2-110 (continued)

Samples S2-11 S2-12 S2-13 S2-14 S2-15 S2-16 S2-17 S2-18 S2-19 S2-110
Trace elements D.L

(ppm) (ppm)

Rb 1 3.7 4 5.9 2.4 4 4 6.3 11.3 11.8 13
Sr 2 912 937 177.5 653 592 675 86.8 365 346 278
Th 0.05 1.84 1 0.99 0.6 1.98 1.34 1.58 1.94 1.79 1.31
U 0.01 85.6 87.1 2.01 19.1 37.8 40.6 1.84 13.4 11.55 7.52
A% 5 130 146 25 41 61 86 154 57 37 60
Zr 1 37 21 25 12 49 66 32 143 169 35
As 5 8.6 6 1.5 2.3 6 2.7 5.1 2.7 2.8 5
Sb 0.2 0.65 0.7 0.55 0.54 1.2 0.88 0.33 0.79 0.69 1.6
Se 0.1 2.6 0.9 0.8 2 1.7 1.8 0.4 1.5 1.2 0.5
Cd 0.5 18 7 0.6 12.4 14.2 30.7 10.6 16.9 19.1 48.7
Cu 10 26 30 7 14 30 11 7 16 13 30
Mo 5 10 3 6 13 11 6 <1 2 1 3
Ni 20 202 30 47 22 40 40 66 76 72 70
Pb 5 2 <5 3 3 <5 4 5 6 5 <5
Sc 1 4 3 1 2 4 3 2 3 3 3
Zn 30 204 170 102 91 110 148 194 241 240 230
Y 0.5 184 106 9.5 49.5 117 73.9 4.2 37 354 20
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Table C. 3: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-11 to S2-110 (continued)

Samples S2-11 S2-12 S2-13 S2-14 S2-I5 S2-16 S2-17 S2-18 S2-19 S2-110
Rare earth D.L

element (ppm) (ppm)

La 0.05 68.8 50.3 6.2 22.1 61.3 32.1 5.1 19 18.2 12.4
Ce 0.05 28 20 5.1 9.5 29 20.8 10.2 18.9 18.1 11.6
Pr 0.01 10.05 6.58 1.03 3.45 10.1 5.11 1.16 3.5 3.27 2.12
Nd 0.05 43.5 28.2 4.2 15.1 433 21.7 4.5 14.5 13.2 8.21
Sm 0.01 8.82 54 0.74 3.09 9.21 4.44 0.97 3 2.82 1.67
Eu 0.005 2.18 1.39 0.19 0.76 2.26 1.12 0.23 0.69 0.68 0.404
Gd 0.01 12.45 7.15 0.89 4.02 10.9 5.8 0.77 3.41 3.1 1.78
Tb 0.01 1.75 1.12 0.1 0.55 1.71 0.81 0.14 0.48 0.45 0.29
Dy 0.01 12.4 7.91 0.87 4.05 11.5 5.76 0.72 3.34 3.17 1.86
Ho 0.01 3.07 2.01 0.18 0.95 2.65 1.34 0.15 0.72 0.7 0.44
Er 0.01 10.05 6.48 0.57 3.08 8.14 4.52 0.47 2.47 2.29 1.36
Tm 0.005 1.42 0.929 0.07 0.4 1.1 0.62 0.06 0.36 0.32 0.196
Yb 0.01 9.39 6.36 0.52 2.88 7.15 4.2 0.4 2.41 2.29 1.29
Lu 0.002 1.57 1.11 0.07 0.46 1.54 0.68 0.07 0.36 0.36 0.249
SLREE - 159.17 110.5 17.27 53.24 152.9 84.15 21.93 58.9 55.59 36
SHREE - 54.28 34.46 3.46 17.15 46.95 24.85 3.01 14.24 13.36 7.869
SREE - 213.45 144.9 20.73 70.39 199.9 109 24.94 73.14 68.95 43.87
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Table C. 4: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-I111 to S2-120

Samples S2-111 S2-112 S2-113 S2-114 S2-115 S2-116 S2-117 S2-118 S2-119 S2-120
1(\;[;3((;(1)‘)0)(1(165 D.L (%)

SiO2 0.01 22.4 17.3 4.51 12.23 2.38 2.87 65.7 10.68 23.57 37.6
ALO3 0.01 1.88 1.98 0.93 1.24 0.42 0.41 1.78 1.46 5.15 8.94
Fe2O3 0.01 0.69 0.77 0.37 0.47 0.2 0.3 0.72 0.63 2.15 3.59
Ca0O 0.01 32.1 30.3 50.8 44.24 36.1 51.14 10.15 26.69 19.32 12.05
MgO 0.01 6.81 12.75 1.54 1.7 16.2 0.45 5.23 19.5 14.02 8.83
Na2O 0.01 0.19 0.13 0.11 0.28 0.12 0.58 0.1 0.03 0.08 0.08
K20 0.01 0.37 0.38 0.11 0.23 0.04 0.04 0.34 0.07 0.34 0.47
TiO2 0.001 0.21 0.22 0.06 0.117 0.03 0.032 0.12 0.083 0.291 0.5
P20s 0.01 7.18 3.65 2.61 9.78 4.43 24.77 1.21 0.16 0.42 0.63
LOI 26.2 33.5 39.1 28.37 40.7 17.17 14 41.59 33.75 25.4
Total 98.14 101.1 100.3 98.67 100.7 97.77 99.41 100.9 99.11 98.14
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Table C. 5: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-I111 to S2-120

(continued)

Samples S2-111 S2-112 S2-113 S2-114 S2-115 S2-116 S2-117 S2-118 S2-119 S2-120
Trace elements D. L

(ppm) (ppm)

Ba 2 82.6 62.4 40.7 90 27.1 114 60.8 17 39 67.7
Cr 20 320 290 380 270 100 170 180 30 131 170
Cs 0.1 0.83 0.83 0.36 0.4 0.12 0.1 0.79 0.3 1.5 2.1
Ga 1 33 3.2 2.1 2 0.7 2 2.1 2 7.4 11.1
Hf 0.1 2.2 2.6 0.5 2.3 0.1 0.8 1.3 0.3 2 2.1
Nb 0.2 4.4 4.8 1.4 2.4 0.5 0.5 2.2 1.3 <0.1 8.7
Rb 1 15.1 15.2 5.1 8 2 2 12.3 4 20.4 25.6
Sr 2 476 283 976 661 318 1122 122.5 86 103 110
Th 0.05 1.87 1.88 0.8 3.25 0.57 1.77 1.46 0.9 3.7 6.03
U 0.01 16.5 9.05 11.15 46.4 20.7 77.5 7.11 1.03 1.8 3.27
A% 5 75 67 83 281 93 96 148 127 180 283
Zr 1 97 106 25 103 9 43 55 14 14 80
As 5 2.3 1.9 4.3 5 1.1 5 3.2 5 8.7 8
Sb 0.2 0.38 0.56 1.6 1.1 0.3 1.1 0.58 0.2 0.9 0.56
Se 0.1 1.1 1.1 2.4 0.3 1.3 1 0.3 0.4 0.5 31.2
Cd 0.5 18.7 12.4 52.2 51.1 18.4 58 8 9.9 4.2 7.6
Cu 10 36 29 43 30 7 30 15 <10 9.5 13
Mo 5 1 2 5 <2 1 7 2 <2 4.46 <1
Ni 20 82 93 110 140 39 50 78 30 79.5 147
Pb 5 5 5 4 <5 2 <5 5 <5 4.9 9

Sc 1 4 4 3 8 1 6 2 1 5.1 9
Zn 30 300 293 279 370 229 290 254 90 308 382
Y 0.5 39.4 28.5 26.3 128 18.8 62.6 13 1.9 7.5 11




Table C. 6: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-I111 to S2-120

(continued)

Samples S2-111 S2-112 S2-113 S2-114 S2-115 S2-116 S2-117 S2-118 S2-119 S2-120
Rare earth D.L

element (ppm)  (ppm)

La 0.05 20.5 15.6 11.8 63 7.4 27.6 7.8 277 11.5 16.9
Ce 0.05 18.6 16.4 6.9 34.7 5.6 20.9 10.5 5.41 234 36
Pr 0.01 3.51 2.85 1.94 10.5 1.15 4.25 1.58 0.64 2.7 4.07
Nd 0.05 144 11.9 8.3 449 4.9 18.1 6.4 2.25 10.5 15.5
Sm 0.01 2.95 241 1.68 9.57 1.03 3.8 1.34 0.46 22 3.09
Eu 0.005 0.7 0.55 0.37 2.39 0.26 0.973 0.3 0.103 0.43 0.64
Gd 0.01 3.24 2.6 2.06 11.7 1.41 4.74 1.33 0.38 1.7 2.49
Tb 0.01 0.44 0.39 0.29 1.85 0.17 0.73 0.18 0.05 1.3 0.33
Dy 0.01 3.41 2.72 2.19 12.5 1.4 5.06 1.27 0.32 0.2 2.06
Ho 0.01 0.76 0.57 0.52 2.92 0.3 1.21 0.25 0.06 0.3 0.34
Er 0.01 2.58 1.98 1.4 8.94 1.09 3.87 091 0.19 0.8 1.05
Tm 0.005 0.37 0.27 0.24 1.25 0.16 0.581 0.12 0.027 0.1 0.15
Yb 0.01 2.54 1.84 1.67 8.44 1.17 4.04 0.82 0.21 0.7 1.02
Lu 0.002 0.39 0.31 0.26 1.41 0.16 0.725 0.15 0.048 0.1 0.14
SLREE - 59.96 49.16 30.62 162.67 20.08 74.65 27.62 11.53 50.3 75.56
SHREE - 14.43 11.23 9.24 51.4 6.12 21.929 5.33 1.388 5.63 8.22
SREE - 74.39 60.39 39.86 214.07 26.2 96.579 32.95 12.92 55.93 83.78
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Table C. 7: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-121 to S2-130

Samples S2-121 S2-122 S2-123 S2-124 S2-125 S2-126 S2-127 S2-128 S2-129 S2-130
1(\;[;3((;(1)‘)0)(1(165 D.L (%)

SiO2 0.01 47.53 84.8 493 68.8 5.22 5.01 54.08 94 29.5 17.85
AO3 0.01 10.84 0.28 0.42 0.64 0.98 0.66 0.34 0.42 1.06 1.51
Fe2O3 0.01 4.69 0.2 0.32 0.36 0.33 0.37 0.41 0.14 0.37 0.79
Ca0O 0.01 7.61 4.25 26 8.47 322 51.5 23.3 1.24 22 26.7
MgO 0.01 5.65 1.92 1.32 5.57 15.8 0.72 0.23 0.64 14.55 16
Na2O 0.01 0.14 0.07 0.49 0.08 0.15 0.57 0.46 0.08 0.06 0.1
K20 0.01 0.8 0.05 0.1 0.12 0.16 0.11 0.07 0.11 0.21 0.31
TiO2 0.001 0.647 0.02 0.03 0.034 0.06 0.04 0.02 0.02 0.08 0.12
P20s 0.01 1.31 0.72 15.05 0.52 5.65 23.1 14.56 0.16 0.58 2.23
LOI 20.35 6.04 7.64 13.65 37.5 17.15 5.7 291 324 354

Total 99.58 98.37 100.78 98.25 98.09 99.36 99.18 99.87 100.84 101.1
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Table C. 8: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-121 to S2-130

(continued)

Samples S2-121 S2-122 S2-123 S2-124 S2-125 S2-126 S2-127 S2-128 S2-129 S2-130
Trace elements D.L

(ppm) (ppm)

Ba 2 80 62.5 77.8 74 24.2 65.5 301 1150 28.3 42.8
Cr 20 282 30 110 50 80 120 70 30 60 130
Cs 0.1 3.11 0.1 0.22 0.3 0.41 0.25 0.1 0.14 0.47 0.58
Ga 1 15.5 0.5 0.9 1 1.4 1.3 1 0.5 1.4 2.3
Hf 0.1 3 0.1 0.4 0.3 1 0.8 0.3 0.2 1 1.9
Nb 0.2 <0.1 0.3 0.5 0.2 0.9 0.7 <0.2 0.4 1.2 1.8
Rb 1 44 1.8 33 5 6.7 4.5 2 2.7 7.9 11.3
Sr 2 136 45.5 697 60 241 863 675 43.5 87 166
Th 0.05 8.1 0.19 1.35 0.43 1.22 1.94 1.07 0.3 0.96 1.63
U 0.01 5 3.58 62.8 3.07 24.3 120.5 85 1.8 3.39 12.4
A" 5 269 61 266 110 54 124 124 27 65 132
Zr 1 3 8 29 15 45 43 22 8 46 86
As 5 14.8 1 3.4 <5 1.8 9.5 5 0.8 0.9 3
Sb 0.2 2.4 0.4 0.9 0.2 0.26 0.57 1 0.13 0.25 1.65
Se 0.1 <0.1 1.1 6.1 2.4 0.9 3 1.7 0.3 0.5 0.8
Cd 0.5 3.7 4.4 25.5 6 10.7 322 8.1 1.1 5.3 10.1
Cu 10 15.9 6 27 10 17 19 20 8 10 20
Mo 5 3.06 2 1 <2 <1 1 <2 2 <1 1
Ni 20 148 22 32 30 38 49 30 15 26 47
Pb 5 10.6 <2 6 <5 2 6 <5 <2 3 5

Sc 1 10.8 <1 4 <1 3 3 2 <1 1 2
Zn 30 618 78 445 100 166 585 250 37 78 166
Y 0.5 17.9 2.4 69.7 2.8 29 69.4 35 1.4 5 17.7




Table C. 9: The results of major elements, trace elements (TEs), and rare-earth elements (REE) of samples S2-121 to S2-130

(continued)

Samples S2-121 S2-122 S2-123 S2-124 S2-125 S2-126 S2-127 S2-128 S2-129 S2-130
Rare earth D.L

element (ppm)  (ppm)

La 0.05 25.1 1.2 25.8 2.05 12.4 28.8 17 1 3.8 9.3
Ce 0.05 51.6 1.4 17 291 12.4 24.5 13.8 1.6 6.5 13
Pr 0.01 6 0.21 3.62 0.4 2.04 4.89 2.65 0.19 0.87 1.94
Nd 0.05 22.7 0.9 15.8 1.59 8.9 20.6 11.5 0.8 3.4 7.8
Sm 0.01 4.3 0.15 3.31 0.32 1.93 4.4 2.35 0.26 0.69 1.79
Eu 0.005 0.96 0.05 0.83 0.071 0.48 1.12 0.607 0.02 0.15 0.35
Gd 0.01 3.4 0.14 4.46 0.31 2.53 5.55 2.76 0.12 0.6 1.85
Tb 0.01 3.1 <0.01 0.64 0.05 0.38 0.78 0.44 <0.01 0.07 0.25
Dy 0.01 0.5 0.16 4.74 0.31 2.51 5.49 3.01 0.11 0.56 1.86
Ho 0.01 0.6 0.01 1.17 0.07 0.62 1.24 0.67 <0.01 0.1 0.39
Er 0.01 1.8 0.12 4.11 0.22 2.02 4.13 2.02 0.09 0.36 1.26
Tm 0.005 0.2 0.01 0.55 0.033 0.29 0.55 0.296 <0.01 0.05 0.18
Yb 0.01 1.6 0.16 3.92 0.23 1.94 3.87 2.04 0.09 0.39 1.24
Lu 0.002 0.3 0.01 0.72 0.047 0.36 0.66 0.36 <0.01 0.06 0.2
SLREE - 109.7 3.86 65.53 7.27 37.67 83.19 47.3 3.85 15.26 33.83
SHREE - 12.46 0.66 21.14 1.341 11.13 23.39 12.203 0.43 2.34 7.58
SREE - 122.16 4.52 86.67 8.611 48.8 106.58 59.503 428 17.6 41.41
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2. Descriptive statistics (Quantitative data)

Table C. 10: Descriptive statistics (Quantitative data)

238

Observations Minimum  Maximum  Average Stapdgrd

deviation

Si02 30 2.400 94.000 26.985 25.769
Al203 30 0.300 10.800 1.728 2.419
Fe203 30 0.140 4.690 0.738 1.012
CaO 30 1.200 53.500 30.533 15.659
MgO 30 0.200 19.500 6.790 6.673
Na20 30 0.030 0.580 0.207 0.179
K20 30 0.040 0.800 0.204 0.169
TiO2 30 0.020 0.650 0.123 0.144
P205 30 0.160 24.800 6.712 7.642
LOI 30 3.000 43.000 25.640 11.837
Ba 30 17.000 1150.000 113.497 203.508
Cr 30 30.000 380.000 149.767 96.201
Cs 30 0.100 3.110 0.552 0.650
Ga 30 0.500 15.500 2.667 3.225
Hf 30 0.100 3.800 1.200 1.014
Nb 30 0.100 8.700 1.660 1.871
Rb 30 1.800 44.000 8.843 8.846
Sr 30 43.500 1122.000 409.793 331.158
Th 30 0.190 8.100 1.793 1.646
U 30 1.030 120.500 27.429 33.109
\% 30 25.000 283.000 115.400 75.062
Zr 30 3.000 169.000 48.000 41.595
As 30 0.800 14.800 4413 3.117
Sb 30 0.130 2.400 0.766 0.522
Se 30 0.100 31.200 2.330 5.578
Cd 30 0.600 58.000 17.527 16.014
Cu 30 6.000 43.000 18.647 10.062
Mo 30 1.000 13.000 3.317 3.212
Ni 30 15.000 202.000 65.017 45.171
Pb 30 2.000 10.600 4.650 1.909
Sc 30 1.000 10.800 3.330 2.421
Zn 30 37.000 618.000 234.933 141.113
Y 30 1.400 184.000 40.793 44.091
La 30 1.000 68.800 20.227 18.501
Ce 30 1.400 51.600 16.477 11.433
Pr 30 0.190 10.500 3.412 2.843
Nd 30 0.800 44.900 14.252 12.201




Table C. 11: Descriptive statistics (Quantitative data) (continued)
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Variable Observations Minimum Maximum  Average Stal?dz.lrd

deviation
Sm 30 0.150 9.570 2.940 2.531
Eu 30 0.020 2.390 0.709 0.636
Gd 30 0.120 12.450 3.455 3.304
Tb 30 0.010 3.100 0.629 0.699
Dy 30 0.110 12.500 3.399 3.540
Ho 30 0.010 3.070 0.811 0.841
Er 30 0.090 10.050 2.620 2.665
Tm 30 0.010 1.420 0.364 0.373
Yb 30 0.090 9.390 2.494 2.482
Lu 30 0.010 1.570 0.430 0.447

3. Correlation matrix (Pearson (n))

See Excel file.

4. Summary of Shapiro-Wilk test

Table C. 12: Summary of Shapiro-Wilk test

Variable\Test Shapiro-Wilk
Si02 0.000
AI203 <0,0001
Fe203 <0,0001
CaO 0.104
MgO 0.000
Na20 <0,0001
K20 0.000
Ti02 <0,0001
P205 <0,0001
LOI 0.190
Ba <0,0001
Cr 0.055
Cs <0,0001
Ga <0,0001
Hf 0.003
Nb <0,0001
Rb <0,0001
Sr 0.004
Th <0,0001



https://uqat-my.sharepoint.com/personal/chls01_uqat_ca/Documents/00Thesis/Final/Dossier/D%C3%A9p%C3%B4t%20UQAT/Final/07-06-2024/18-07-2024/Correlation%20matrix%20(Pearson%20(n)).xlsx

240

Table C. 13: Summary of Shapiro-Wilk test (Continued)

Variable\Test Shapiro-Wilk
U <0,0001
v 0.001
Zr 0.001
As 0.002
Sb 0.004
Se <0,0001
Cd 0.000
Cu 0.018
Mo <0,0001
Ni 0.001
Pb 0.000
Sc 0.000
Zn 0.015
Y <0,0001
La 0.000
Ce 0.037
Pr 0.001
Nd 0.001
Sm 0.000
Eu 0.000
Gd 0.000
Tb <0,0001
Dy <0,0001
Ho <0,0001
Er 0.000
Tm 0.000
Yb 0.000
Lu <0,0001

5. Kaiser-Meyer-Olkin measure of sampling adequacy (raw data)

Table C. 14: Kaiser-Meyer-Olkin measure of sampling adequacy (raw data)

Si02 0.417
A203 0.524
Fe203 0.779
Ca0 0.518
MgO 0.527
Na20 0.533

K20 0.624




Table C. 15: Kaiser-Meyer-Olkin measure of sampling adequacy (raw data) (Continued)

Ti02
P205
LOI
Ba
Cr
Cs
Ga
Hf
Nb
Rb
Sr
Th
U
A%
Zr
As
Sb
Se
Cd
Cu
Mo
Ni
Pb
Sc
Zn
Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
KMO

0.712
0.552
0.340
0.294
0.503
0.635
0.545
0.393
0.377
0.570
0.556
0.618
0.551
0.642
0.206
0.467
0.517
0.362
0.383
0.515
0.359
0.424
0.529
0.817
0.541
0.709
0.684
0.770
0.761
0.609
0.614
0.644
0.863
0.697
0.634
0.660
0.687
0.679
0.602
0.848
0.594
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6. Normal Q-Q plots
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7. Results of the CLR transformation of the initial dataset
Table C. 16: Results of the CLR transformation of the initial dataset (samples S2-I1 to S2-110)

Samples S2-I11 S2-12 S2-13 S2-14 S2-15 S2-16 S2-17 S2-18 S2-19 S2-110
clr.Si02  -0.00906 -0.23953 1.215537 0.125933 0.290249 0.982722 1.448897 1.43501 1.312055 2.405569
clr.AI203 -2.76907 -2.50129 -0.48219 -2.20134 -2.50296 -2.65486 -0.07905 -1.41487 -1.36701 -0.97782
clr.Fe203 -3.79073 -3.27782 -1.73881 -2.8457 -3.30147 -3.51053 -0.92201 -2.50637 -2.41683 -1.61381
clr.CaO 1.828064 2.12172 2.718048 2.694627 1.860139 2.126358 2.380169 1.766155 1.885579 1.596135
clrMgO  -2.76907 -2.31897 2.134641 -1.79588 -2.21528 -2.2494 1.955942 0.150764 0.24243 -0.76651
clr.Na20 -2.72985 -2.37026 -3.74029 -3.32528 -3.41925 -2.84724 -4.41852 -3.5233 -3.53606 -3.81104
clr. K20 -4.73519 -4.33387 -2.78478 -4.28079 -4.19941 -3.77879 -3.03222 -2.80117 -2.7533 -2.71242
clr. TiO2 -5.58248 -5.3147 -3.27029 -5.19708 -5.21101 -4.55198 -2.87807 -3.58392 -3.36421 -3.11789
clr.P205 0.954207 1.255248 -1.66085 -0.22034 0.087308 0.886095 -1.82825 -0.02858 0.088279 -0.28468
clrLOI  0.814445 1.136296 3.016642 2.378507 1.441853 1.396921 2.801615 1.580861 1.663816 1.435987
clrBa 2.707389 3.315821 2.601831 3.761591 2.351672 2.827856 2.318847 2.652934 2.688497 2.665935
clr.Cr  3.558863 3.384814 2.944322 2.963441 2.795358 3.336601 3.000066 3.546974 3.432318 3.885175
clr.Cs  -3.63657 -3.41758 -1.68617 -3.25117 -3.60157 -3.70469 -1.62531 -2.46469 -2.41683 -1.7316
clr.Ga -1.89361 -1.115 -0.27455 -1.79588 -1.29899 -2.09525 0.251194 -1.0582 -1.01033 -0.40984
clr Hf  -2.58675 -2.72443 -1.25538 -2.89449 -1.89682 -1.4021 -1.1351 -0.61994 -0.36848 -1.7316
cltNb  -2.58675 -2.50129 -0.40809 -2.20134 -2.34881 -1.55625 -0.1235 -0.61994 -0.31719 -0.37705
clr.Rb  -0.76759 -0.42185 1.030395 -0.40959 -0.60584 -0.35228 0.928592 0.67346 0.764619 1.056497
clr.Sr 4.739713  5.03454 4.434413 5.196523 4.391373 4.776139 3.551649 4.148554 4.142959 4.119169
clr,Th  -1.46616 -1.80814 -0.75461 -1.79588 -1.30904 -1.4459 -0.45453 -1.08866 -1.12126 -1.23842
clr.U 2373758 2.658914 -0.04642 1.664634 1.640175 1.965195 -0.30219 0.843912 0.743205 0.509114
clr.V. 2.791607 3.175464 2.474318 2.428518 2.11874 2.715774 4.124995 2.291708 1.907438 2.585892
clr.Zr  1.534991 1.236379 2.474318 1.199852 1.899686 2.451081 2.553779 3.211502 3.426418 2.046896
clr As  0.075835 -0.01638 -0.33909 -0.45215 -0.20037 -0.74532 0.717283 -0.75809 -0.67386 0.100986
clr.Sb -2.50671 -2.16482 -1.34239 -1.90124 -1.80981 -1.86641 -2.02062 -1.98707 -2.07454 -1.03845
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Table C. 17: Results of the CLR transformation of the initial dataset (samples S2-I1 to S2-110) (Continued)

Samples  S2-I1 S2-12 S2-13 S2-14 S2-15 S2-16 S2-17 S2-18 S2-19 S2-110
clr.Se -1.12042  -1.9135 -0.9677 -0.59191 -1.46151 -1.15079 -1.82825 -1.34588 -1.52116 -2.2016
clr.Cd  0.814445 0.137767 -1.25538 1.232642 0.661108 1.685689 1.448897 1.075971 1.246208 2.377227
clr.Cu 1.18217 1.593054 1.201352 1.354003 1.409064 0.659322 1.033953 1.021246 0.861469 1.892745
clrMo  0.226658 -0.70953 1.047202 1.279895 0.405761 0.053186 -0.91196 -1.0582 -1.70348 -0.40984
clrNi  3.232341 1.593054 3.10559 1.805988 1.696746 1.950306 3.277697 2.57939 2.573186 2.740043
clr.Pb -1.38278 -0.19871 0.354055 -0.18644 -0.3827 -0.35228 0.697481 0.040416 -0.09404 0.100986
clr.Sc -0.68963 -0.70953 -0.74456 -0.59191 -0.60584 -0.63996 -0.21881 -0.65273 -0.60487 -0.40984
clrZn  3.242193 3.327655 3.880415 3.225805 2.708346 3.258639 4.355901 3.733454 3.777159 3.929627
clr.Y 3.139009 2.855296 1.506734 2.616918 2.77004 2.56414 0.523127 1.859575 1.863232 1.48728
clrLa  2.155277 2.109862 1.079992 1.810523 2.123646 1.730283 0.717283 1.193096 1.197941 1.009244
clr.Ce  1.256278 1.187589 0.884683 0.966238 1.375162 1.29638 1.41043 1.187819 1.192432 0.942553
clrPr  0.231646 0.075892 -0.715 -0.04668 0.320402 -0.10737 -0.76354 -0.49858 -0.51869 -0.75704
clrNd  1.696834 1.531179 0.690527 1.42964 1.776019 1.338739 0.59212 0.922806 0.876737 0.596901
clr.Sm  0.101095 -0.12174 -1.04566 -0.15688 0.228156 -0.24792 -0.94242 -0.65273 -0.66674 -0.99563
clr.Eu -1.2966 -1.47884 -2.40529 -1.55949 -1.17677 -1.62524 -2.38163 -2.12241 -2.08914 -2.41479
clrGd  0.445794 0.158969 -0.86109 0.106228 0.396629 0.019285 -1.17332 -0.52463 -0.57208 -0.93184
clr. Tb -1.51631 -1.69481 -3.04714 -1.88289 -1.45564 -1.94929 -2.87807 -2.48531 -2.50199 -2.74633
clrDy  0.441769 0.259985 -0.88382 0.113663 0.450213 0.012364 -1.24046 -0.54537 -0.54975 -0.88788
clrHo  -0.95425 -1.11001 -2.45936 -1.33635 -1.01757 -1.4459 -2.80908 -2.07985 -2.06016 -2.32943
clrEr  0.231646 0.060578 -1.30668 -0.16012 0.104656 -0.23006 -1.66698 -0.84712 -0.87493 -1.20097
clrTm  -1.72527 -1.88179 -3.40382 -2.20134 -1.89682 -2.21661 -3.72537 -2.77299 -2.84291 -3.13809
clrYb  0.163718 0.041885 -1.39848 -0.22726 -0.02502 -0.30349 -1.82825 -0.87172 -0.87493 -1.25381
clrLu  -1.62485 -1.70378 -3.40382 -2.06158 -1.56035 -2.12424 -3.57122 -2.77299 -2.72513 -2.89875
clrALREE 2.994046 2.896691 2.104413 2.689756 3.037716 2.694028 2.175898 2.324498 2.314523 2.075067
clrAHREE 1.918229 1.731627 0.496711 1.556944 1.856949 1.474284 0.189983 0.904712 0.888785 0.554479
cIrAREE  3.28771 3.167901 2.285576 2.969139 3.305683 2.952775 2.302911 2.540485 2.530626 2.273462
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Table C. 18: Results of the CLR transformation of the initial dataset (samples S2-I111 to S2-120)

Samples  S2-111 S2-112  S2-113 ~ S2-114  S2-115  S2-116 ~ S2-117  S2-118  S2-119  S2-120
clr.Si02  1.296833 1.145653 0.072548 0.235312 0.027733 -0.66364 2.938682 1.927724 1.783536 1.789769
clr.,AI203 -1.17037 -1.01191 -1.53689 -2.0838 -1.76403 -2.64464 -0.65863 -0.03705 0.270948 0.348816
clrFe203 -2.18329 -1.96642 -2.42578 -3.02115 -2.45717 -2.93233 -1.57492 -0.90456 -0.61224 -0.55908
clr.CaO 1.656628 1.706094 2.496367 1.522601 2.738557 2.205431 1.07597 2.842144 1.582394 0.65597
clrMgO 0.104694 0.844392 -1.02606 -1.7355 1.937276 -2.4215 0.402241 2.527895 1.261347 0.337516
clrNa20 -3.47296 -3.74527 -3.6388 -3.53909 -2.968 -2.27308 -3.549 -3.94908 -3.90344 -4.36296
clr K20 -2.80648 -2.67264 -3.6388  -3.7358 -4.06661 -4.94723 -2.32523 -3.10178 -2.45652 -2.59226
clr. TiO2 -3.37288 -3.21918 -4.24494 -4.38639 -4.35429 -5.23491 -3.36668 -2.96825 -2.61559 -2.53038
clr.P205 0.161853 -0.39672 -0.47602 0.016259 0.633869 1.48249 -1.0641 -2.05196 -2.294 -2.34806
clrLOI  1.445868 1.821307 2.232033 1.066081 2.865837 1.10486 1.39264 3.29515 2.14275 1.38164
clrBa 2.601781 2.428512 2.274699 2.233686 2.451798 3.007845 2.861172 2.390694 2.285851 2.377851
clr.Cr  3.956093 3.964828 4.508642 3.332298 3.757435 3.407445 3.946539 2.958678 3.497487 3.298563
clr.Cs  -1.99856 -1.89138 -2.45318 -3.18241 -2.968 -4.03094 -1.48214 -1.64649 -0.97225 -1.0953
clrGa  -0.61831 -0.5419 -0.68959 -1.57298 -1.20441 -1.03521 -0.50448 0.250627 0.623769 0.56971
clr Hf  -1.02377 -0.74954 -2.12468 -1.43321 -3.15032 -1.9515 -0.98405 -1.64649 -0.68456 -1.0953
clrNb  -0.33062 -0.13644 -1.09506 -1.39065 -1.54088 -2.4215 -0.45796 -0.18016 -3.6803 0.326088
clrRb  0.902466 1.016242 0.197711 -0.18668 -0.15459 -1.03521 1.263182 0.943775 1.637824 1.405357
clr.Sr 4.35319 3.940394 5.451933 4.22763 4.914316 5.294514 3.561694 4.011828 3.257018 2.863245
clrTh  -1.18629 -1.07378 -1.65467 -1.08747 -1.40985 -1.15737 -0.86798 -0.54788 -0.06938 -0.04049
clrU 0991132 0.497712 0.97991 1.571176 2.182398 2.621924 0.715085 -0.41296 -0.78992 -0.65245
clr.V 2.50526 2.499639 2987312 3.372231 3.684864 2.835995 3.750795 4.401667 3.815246 3.808212
clrZr  2.762483 2.958386 1.787347 2.368605 1.349489 2.032846 2.760916 2.196538 1.261347 2.544791
clrrAs  -0.97932  -1.0632 0.027086 -0.65669 -0.75243 -0.11892 -0.08327 1.166918 0.785612 0.242206
clr.Sb -2.77981 -2.28487 -0.96153 -2.17081 -2.05171 -1.63304 -1.79114 -2.05196 -1.48307 -2.41705
clr.Se  -1.71692 -1.60974 -0.55606 -3.4701 -0.58537 -1.72835 -2.45039 -1.35881 -2.07086 1.603183
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Table C. 19: Results of the CLR transformation of the initial dataset (samples S2-I111 to S2-120) (Continued)

Samples  S2-I11 S2-112 S2-113 ~ S2-114  S2-115  S2-116 ~ S2-117  S2-118  S2-119  S2-120
clr.Cd  1.116295 0.812643 2.523553 1.667661 2.064615 2.332089 0.833024 1.850015 0.057374 0.190913
clr.Cu  1.771291 1.662243 2.329671 1.135074 1.098175 1.672844 1.461633 1.860065 0.873581 0.727714
clrMo  -1.81223 -1.01191 0.177909 -1.57298 -0.84774 0.217556 -0.55327 0.250627 0.117438 -1.83724
clrNi  2.594491 2.827546 3.268951 2.675519 2.815826 2.183669 3.110291 2.958678 2.998046 3.153197
clr.Pb -0.20279 -0.09562 -0.04523 -0.65669 -0.15459 -0.11892 0.363021 1.166918 0.211524 0.359989
clr.Sc -0.42593 -0.31876 -0.33292 -0.18668 -0.84774 0.063406 -0.55327 -0.44252 0.25153 0.359989
clrZn  3.891554 3.975119 4.199683 3.647379 4.585987 3.941527 4.290917 4.05729 4.352389 4.108185
clr.Y 1.861538 1.644851 1.83804 2.585907 2.086121 2.408412 1.318532 0.199334 0.637192 0.56066
clrLa 1208197 1.042218 1.03657 1.877011 1.153745 1.589462 0.807706 0.576328 1.064636 0.990078
clr.Ce  1.110933 1.092228 0.499992 1.280616 0.875031 1.311395 1.104958 1.245729 1.775025 1.746284
clr.Pr -0.55661 -0.65773 -0.76884 0.085252 -0.70797 -0.28143 -0.78899 -0.88881 -0.38446 -0.43359
clr.Nd 0.855 0.771485 0.684726 1.538314  0.7415 1.167558 0.609881 0.36841 0.973664 0.903605
clr.Sm  -0.73042 -0.82543 -0.91274 -0.00749 -0.81818 -0.39335 -0.95375 -1.21905 -0.58925 -0.70906
clr.Eu -2.1689 -2.30289 -2.42578 -1.39483 -2.19481 -1.75572 -2.45039 -2.71555 -2.22168 -2.28352
clrGd  -0.63665 -0.74954 -0.70882 0.193465 -0.50415 -0.17232 -0.96124 -1.4101 -0.84708 -0.92495
clr. Tb -2.63321 -2.64666 -2.6694 -1.65094 -2.61969 -2.04306 -2.96122 -3.43825 -1.11535 -2.9459
clrDy  -0.58552 -0.70442 -0.64763 0.259605 -0.51126 -0.10699 -1.0074 -1.58195 -2.98715 -1.11453
clrHo  -2.08667 -2.26717 -2.08546 -1.19454 -2.05171 -1.53773 -2.63271 -3.25593 -2.58168 -2.91605
clr.Er -0.86444 -1.02196 -0.93683 -0.07559 -0.76156 -0.3751 -1.34073 -2.10325 -1.60085 -1.78845
clrTm  -2.80648 -3.01439 -2.85865 -2.04298 -2.68032 -2.27136 -3.36668 -4.05444 -3.6803 -3.73436
clrYb  -0.88006 -1.09529 -0.91871 -0.13314 -0.69073 -0.33211 -1.44487 -2.00317 -1.73439 -1.81743
clrLu  -2.75384 -2.87624 -2.7786 -1.92253 -2.68032 -2.04994 -3.14354 -3.47907 -3.6803 -3.80335
clrALREE 2.281449 2.190027 1.990124  2.8256 2.151989 2.584457 2.072123 2.002433 2.540294 2.487692
clr AHREE 0.857081 0.713536 0.792013 1.673514 0.963827 1.359456 0.426934 -0.11466 0.350399 0.269335
clrAREE  2.497228 2.395936 2.254847 3.100319 2.418024 2.842225 2.25009 2.114708 2.64639 2.591198
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Table C. 20: Results of the CLR transformation of the initial dataset (samples S2-121 to S2-130)

Samples S2-121 S2-122  S2-123  S2-124  S2-125  S2-126  S2-127  S2-128  S2-129  S2-130
clr.Si02  1.972169 4.65572 22072 3.851028 0.320452 -0.19028 2.638491 4.917979 2.706223 1.460643
clr.AI203 0.490985 -0.98855 -2.55822 -0.82646 -1.35225 -2.21723 -2.43078 -0.49282 -0.6199 -1.00925
clr.Fe203 -0.34313 -1.39401 -2.83016 -1.40183 -2.44071 -2.79597 -2.24357 -1.59143 -1.67242 -1.65708
clr.CaO 0.139587 1.674039 1.567372 1.75989 2.139921 2.139864 1.79648 0.557006 2.412875 1.863303
clrMgO -0.14809 0.857278 -1.42836 1.342591 1.427964 -2.15839 -2.96141 -0.13614 2.002855 1.351228
clr.Na20 -3.85467 -2.44384 -2.40407 -2.9059 -3.22917 -2.36384 -2.1285 -2.15104 -3.49158 -3.72395
clr. K20  -2.1117 -2.78031 -3.99331 -2.50044 -3.16463 -4.00899 -4.01123 -1.83259 -2.23881 -2.59254
clr. TiO2 -2.31934 -3.6966 -5.19728 -3.76157 -4.14546 -5.02059 -5.264 -3.53734 -3.2039 -3.54162
clrP205  -1.6262 -0.14125 1.020654 -1.0341 0.39961 1.338115 1.326305 -1.4579 -1.22289 -0.61936
clrLOI  1.126974 2.007184 0.388717 2.258881 2.305541 1.031496 0.439786 1.473296 2.787569 2.133988
clrBa 2.493466 4.350591 2.663417 3.923889 1.854307 2.380333 4.355137 7.422201 2.664695 2.335178
clr.Cr  3.753346 3.616622 3.009756 3.531847 3.049981 2.985774 2.896522 3.775881 3.416178 3.446174
clr.Cs  -0.75394 -2.08716 -3.20485 -1.58415 -2.22364 -3.18801 -3.65456 -1.59143 -1.43319 -1.96609
clr.Ga 0.852279 -0.47772 -1.79608 -0.38018 -0.99557 -1.53935 -1.35197 -0.31846 -0.34169 -0.58845
clr Hf  -0.78995 -2.08716 -2.60701 -1.58415 -1.33205 -2.02486 -2.55595 -1.23475 -0.67817 -0.77951
cltNb  -4.19115 -0.98855 -2.38387 -1.98961 -1.43741 -2.15839 -2.96141 -0.54161 -0.49585 -0.83357
clr.Rb  1.895629 0.803211 -0.4968 1.229262 0.570062 -0.29764 -0.65883 1.367936 1.388696 1.003442
clr.Sr 3.024094 4.033137 4.856061 3.714169 4.152751 4.958697 5.162739 4.147445 3.787741 3.690627
clr,Th  0.203303 -1.44531 -1.39062 -1.22415 -1.13319 -1.13903 -1.28431 -0.82929 -0.71899 -0.93278
clr.U -0.27912 1.490787 2.449231 0.741502 1.858431 2.989932 3.090678 0.962471 0.542663 1.096336
clr.V 3.70615 4.326298 3.892772 4.320304 2.656939 3.018564 3.468308 3.670521 3.49622 3.461441
clr.Zr  -0.78995 2.294866 1.676572 2.327874 2.474617 1.959483 1.739069 2.454126 3.150474 3.032987
clr As  0.806066 0.215424 -0.46695 1.229262 -0.74426 0.449574 0.257465 0.15154 -0.78353 -0.32275
clr.Sb -1.01309 -0.70087 -1.79608 -1.98961 -2.67912 -2.36384 -1.35197 -1.66554 -2.06446 -0.92059
clr.Se  -4.19115 0.310735 0.117565 0.495293 -1.43741 -0.70311 -0.82134 -0.82929 -1.37131 -1.6445
clr.Cd  -0.58023 1.697029 1.547954 1.411584 1.038198 1.670249 0.739891 0.469994 0.98954 0.891175
clr.Cu  0.877758 2.007184 1.605113 1.922409 1.501168 1.142721 1.643759 2.454126 1.624418 1.574372
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Table C. 21: Results of the CLR transformation of the initial dataset (samples S2-121 to S2-130) (Continued)

Samples  S2-121 S2-122  S2-123  S2-124  S2-125  S2-126  S2-127  S2-128  S2-129  S2-130
clrMo  -0.77015 0.908572 -1.69072 0.312971 -1.33205 -1.80172 -0.65883 1.067831 -0.67817 -1.42136
clrNi  3.108651 3.306467 1.775012 3.021021 2.305541 2.090103 2.049224 3.082734 2.57993 2.428787
clrPb  0.472293 0.908572 0.101035 1.229262 -0.6389 -0.00996 0.257465 1.067831 0.420445 0.188077
clr.Sc  0.490985 0.215424 -0.30443 -0.38018 -0.23343 -0.70311 -0.65883 0.374684 -0.67817 -0.72821
clr.Zn  4.537927 4.572133 4.40735 4.224994 3.779942 4.569894 4.169488 3.985602 3.678542 3.690627
clr.Y 0.99624 1.090893 2.553476 0.649444 2.03525 2.438169 2.203375 0.711156 0.931271 1.452204
clrLa  1.334307 0.397746 1.55965 0.337664 1.185651 1.558658 1.48124 0.374684 0.656834 0.808654
clr.Ce  2.054961 0.551897 1.142489 0.687977 1.185651 1.396956 1.272695 0.844688 1.193635 1.143589
clr.Pr -0.0968 -1.34522 -0.40425 -1.29647 -0.6191 -0.21453 -0.37741 -1.28605 -0.81743 -0.75867
clrNd  1.233804 0.110064 1.069286 0.083558 0.854006 1.223574 1.090374 0.15154 0.545608 0.632763
clr.Sm  -0.42995 -1.6817 -0.49378 -1.51961 -0.67453 -0.32011 -0.49756 -0.97239 -1.04923 -0.83914
clr.Eu  -1.92938 -2.78031 -1.87705 -3.02525 -2.06601 -1.68839 -1.8512 -3.53734 -2.57529 -2.47118
clrGd  -0.66479 -1.75069 -0.19558 -1.55136 -0.40383 -0.08792 -0.33674 -1.74558 -1.18899 -0.80617
clr.Tb -0.75716 -4.38975 -2.13701 -3.37591 -2.29963 -2.05018 -2.17295 -4.23049 -3.33743 -2.80765
clrDy  -2.58171 -1.61716 -0.13469 -1.55136 -0.41176 -0.09879 -0.25003 -1.83259 -1.25799 -0.80078
clrHo  -2.39939 -4.38975 -1.53372 -3.03944 -1.81008 -1.58661 -1.75245 -4.23049 -2.98075 -2.36297
clr.Er -1.30077 -1.90484 -0.2773 -1.8943 -0.62895 -0.38344 -0.64888 -2.03326 -1.69982 -1.19025
clr.Tm -3.498 -4.38975 -2.28856 -3.79142 -2.56992 -2.39955 -2.56937 -4.23049 -3.6739 -3.13616
clrYb  -1.41856 -1.61716 -0.32463 -1.84985 -0.66936 -0.44846 -0.63902 -2.03326 -1.61978 -1.20625
clr.Lu  -3.09253 -4.38975 -2.01923 -3.43778 -2.3537 -2.21723 -2.37362 -4.23049 -3.49158 -3.0308
clrALREE 2.809188 1.566092 2.491784 1.60358 2.296819 2.61941 2.504537 1.722757 2.047068 2.099987
clrAHREE 0.633962 -0.20009 1.360443 -0.08676 1.077599 1.350591 1.149709 -0.46929 0.171984 0.604153
clrAREE  2.916771 1.719502 2.77173 1.771586 2.555685 2.867366 2.734003 1.833299 2.189732 2.30192
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8. CLR Correlation matrix (Pearson (n))

See Excel file.

9. Kaiser-Meyer-Olkin measure of sampling adequacy

Table C. 22: Kaiser-Meyer-Olkin measure of sampling adequacy

clr.Si02
clr.A1203
clr.Fe203
clr.CaO
clr.MgO
clr.Na20
clr.K20
clr. Ti02
clr.P205
clr.LOI
clr.Ba
clr.Cr
clr.Cs
clr.Ga
clr.Hf
clr.Nb
clr.Rb
clr.Sr
clr.Th
clr.U
clr.V
clr.Zr

0.547
0.617
0.667
0.452
0.795
0.523
0.601
0.738
0.657
0.382
0.581
0.182
0.865
0.884
0.414
0.474
0.719
0.740
0.615
0.817
0.687
0.252
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Table C. 23: 9. Kaiser-Meyer-Olkin measure of sampling adequacy (Continued)
clr.As 0.323
clr.Sb 0.298
clr.Se 0.385
clr.Cd 0.331
clr.Cu 0.562
clr.Mo 0.217
clr.Ni 0.491
clr.Pb 0.565
clr.Sc 0.569
clr.Zn 0.561
clr.Y 0.630
clr.La 0.848
clr.Ce 0.354
clr.Pr 0.733
clr.Nd 0.569
clr.Sm 0.620
clr.Eu 0.632
clr.Gd 0.681
clr.Tb 0.535
clr.Dy 0.828
clr.Ho 0.648
clr.Er 0.734
clr.Tm 0.615
clr.Yb 0.718
clr.Lu 0.759

KMO 0.619




10. Varimax rotation (Kaiser normalization)

Table C. 24: Varimax rotation (Kaiser normalization)

D1 D2 F3 F4 F5 Fé6 F7 F8 F9 F10 F11 F12 F13 F14 F15

Variability

(%) 37.098 31.059 8361 4909 3.637 3.615 2.009 1.628 1343 1.127
%

cumulative 37.098 68.157 76.518 81.427 85.064 88.679 90.688 92.316 93.659 94.786 95.813 96.634 97.410 98.022 98.456

1.027 0.820 0.777 0.612 0.434

Table C. 25: 10. Varimax rotation (Kaiser normalization) (Continued)

F16 F17 F18 F19 F20 F21 F22 F23 F24 F25 F26 F27

F28 F29
Variability
(%) 0.330 0.260 0.257 0.184 0.148 0.106 0.097 0.074 0.030 0.020 0.017 0.011 0.006 0.003
%

cumulative 98.786 99.047 99.304 99.488 99.636 99.742 99.838 99.913 99.943 99.963 99.980 99.991 99.997 100.000
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11. Factor loadings after Varimax rotation

Table C. 26: Factor loadings after Varimax rotation

Dl D2

clr.Si02 -0.404 -0.668
clr.AI203 -0.945 -0.287
clr.Fe203 -0.895 -0.341
clr.CaO 0.476 -0.142
clrMgO -0.634 -0.486
clr.Na20 0.702 -0.165
clr. K20 -0.795 -0.412
clr. TiO2 -0.922 -0.247
clr.P205 0.874 0.238
clr.LOI -0.315 -0.437
clr.Ba 0.146 -0.525
clr.Cr -0.138 -0.285
clr.Cs -0.907 -0.326
clr.Ga -0.911 -0.224
clr Hf -0.719 0.003

clr.Nb -0.163 -0.510
clr.Rb -0.889 -0.338
clr.Sr 0.913 0.021

clr.Th -0.933 0.136
clr.U 0.897 0.141

clr.V -0.379 -0.412
clr.Zr 0.049 -0.407
clr.As -0.401 -0.159
clr.Sb -0.138 -0.296
clr.Se 0.249 -0.475
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Table C. 27: Factor loadings after Varimax rotation (Continued)

D1 D2
clr.Cd 0.474 -0.304
clr.Cu 0.259 -0.690
clr.Mo 0.121 -0.336
clr.Ni -0.609 -0.408
clr.Pb -0.498 -0.685
clr.Sc -0.559 -0.066
clr.Zn -0.387 -0.405
clrY 0.823 0.526
clr.La 0.541 0.822
clr.Ce -0.498 0.754
clr.Pr 0.296 0.936
clr.Nd 0.379 0.909
clr.Sm 0.384 0.877
clr.Eu 0.455 0.862
clr.Gd 0.576 0.812
clr. Tb 0.089 0.931
clr.Dy 0.839 0.355
clr.Ho 0.564 0.777
clr.Er 0.726 0.672
clr.Tm 0.720 0.670
clr.Yb 0.780 0.608
clr.Lu 0.697 0.673
clr.ALREE 0.234 0.951
clr.AHREE 0.657 0.746
clr.aAREE 0.346 0.927
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12. Factor scores after Varimax rotation

Table C. 28: Factor scores after Varimax rotation

Dl D2
S2-11 1.169 1.335
S2-12 1.202 0.948
S2-13 -0.501 -0.381
S2-14 1.204 0.478
S2-15 0.758 1.552
S2-16 0.956 0.692
S2-17 -1.245 -0.193
S2-18 -0.035 0.170
S2-19 -0.106 0.224
S2-110 -0.129 -0.532
S2-111 -0.025 0.024
S2-112 -0.311 -0.098
S2-113 0.780 -0.990
S2-114 0.296 1.375
S2-115 0.864 -0.535
S2-116 1.184 0.309
S2-117 -0.648 -0.400
S2-118 -0.884 -1.011
S2-119 -2.118 0.991
S2-120 -1.856 0.535
S2-121 -2.565 1.884
S2-122 0.217 -2.405
S2-123 1.093 0.132
S2-124 -0.183 -1.818
S2-125 0.183 0.270
S2-126 0.850 0.555
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Table C. 29: Factor scores after Varimax rotation (Continued)

Dl D2
S2-127 1.086 -0.019
S2-128 -0.307 -2.074
S2-129 -0.589 -0.719
S2-130 -0.343 -0.301
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