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INTRODUCTION

Current industrial and urban development is 
facing a major environmental challenge. On one 
hand, the global demand for construction materials, 
particularly aggregates and sand, is depleting natu-
ral resources, while cement production remains 
one of the primary sources of CO₂ emissions [1, 
2]. On the other hand, the extractive industry gen-
erates large volumes of mining waste, responsible 
for severe pollution such as acid mine drainage and 

soil contamination, due to their hazardous chemi-
cal composition [3–7]. Faced with this dual obser-
vation, the search for alternative construction ma-
terials, such as geopolymers, emerges as a promis-
ing solution, particularly due to their low energy 
consumption [8, 9]. Their production process, car-
ried out at low temperatures, results in significantly 
lower carbon dioxide (CO₂) emissions compared 
to conventional Portland cement. Moreover, geo-
polymers exhibit superior performance, including 
enhanced mechanical strength and durability, as 
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well as an exceptional ability to encapsulate heavy 
metals [7, 10]. Geopolymerization is based on the 
reaction between an aluminosilicate precursor and 
an alkaline solution (typically sodium hydrox-
ide (NaOH) or potassium hydroxide (KOH), of-
ten combined with an alkaline silicate). The rigid 
three-dimensional network formed through this 
process is capable of chemically binding toxic el-
ements, thereby drastically limiting their leaching 
and migration into the environment [11, 12].

The direct use of waste mine tailings as pre-
cursors in geopolymerization faces a major ob-
stacle, their low chemical reactivity. Rich in sil-
ica (SiO₂) and iron or poor in alumina (Al₂O₃), 
these residues create an unfavorable Si/Al ratio 
that slows the reaction, and a high Fe₂O₃ content 
(Fe₂O₃/Al₂O₃ > 0.37) that reduces the compres-
sive strength, especially since iron can substi-
tute for only about 25% of aluminum atoms in 
the geopolymer matrix [8, 13–16]. To overcome 
these limitations, metakaolin (MK) is commonly 
introduced as a highly reactive aluminosilicate 
precursor [17]. Its amorphous structure and high 
Al₂O₃ content enable the adjustment of the Si/Al 
ratio and promote the dissolution - polycondensa-
tion reactions, thereby enhancing geopolymeriza-
tion kinetics and gel formation [17–19]. 

Despite growing research on waste mine tail-
ings-based geopolymers, the reactivity of Fe-rich 
copper tailings remains limited and the optimal 
balance between waste incorporation and me-
chanical performance is still unclear, particularly 
for KOH-activated systems and moderate curing 
regimes. Furthermore, Mauritanian mining waste 
has never been investigated as a geopolymer pre-
cursor, representing an unexplored opportunity 
for sustainable mining waste management.

The scientific novelty of this study lies in the 
investigation of a highly challenging iron-rich 
copper tailing derived from the Guelb Moghrein 
Fe-Cu-Au structurally modified iron-copper-gold 
(IOCG) type deposit, characterized by an excep-
tionally high Fe₂O₃ content and complex miner-
alogical assemblage. Unlike conventional geo-
polymer studies focusing mainly on reactive alu-
minosilicate precursors, this work provides new 
insights into the role of iron-bearing phases dur-
ing alkaline activation by establishing relation-
ships between Fe-rich mineralogy, geopolymer 
gel development, microstructural evolution, and 
mechanical performance. In addition, this study 
evaluates the maximum incorporation level of 
this mining residue while maintaining acceptable 

mechanical properties through metakaolin-assist-
ed geopolymerization. 

Accordingly, this study aims to (i) optimize 
the tailings-to-metakaolin ratio to maximize 
waste incorporation while maintaining mechani-
cal performance, (ii) evaluate the effect of curing 
time on compressive strength, and (iii) correlate 
phase evolution, the contribution of Fe-bearing 
phases, and microstructural development with 
mechanical behavior.

MATERIALS AND METHODS

This section describes the raw materials and 
the experimental framework used to evaluate the 
feasibility of geopolymerizing iron-rich copper 
waste mine tailings from Guelb Moghrein Cu-
Au mine (Mauritania). An integrated analytical 
approach was implemented to assess their reac-
tivity, mineralogical evolution, and the resulting 
microstructural and mechanical performance of 
the synthesized geopolymeric materials.

Raw materials 

The Guelb Moghrein Cu-Au deposit is located 
in the upper succession of the volcanosedimentary 
Oumachoueima Group. This group forms part 
of the fold & thrust, low-grade metamorphosed, 
Mauritanian Belt that thrust to the East on the west-
ern edge of the Archean Amsaga continental base-
ment (West African craton) and its unconformable 
Paleozoic Taoudeni sedimentary cover (Figure 
1). Unless unfossiliferous, the upper formations 
of the Oumachoueima Group have been recently 
attributed to the Ediacaran (late Neoproterozoic) 
based on U/Pb detrital zircon dating [20]. The 
upper Oumachoueima Group includes metamor-
phosed carbonate banded iron formations (BIF). 
The BIF that hosts the ore deposit consists of 
pistomesite-magnetite metacarbonates, as well as 
Fe-Mg clinoamphibole and chlorite schists, which 
also contain magnetite, apatite, calcite, quartz, 
monazite, and allanite [21–23]. The hydrother-
mal mineralization is classified as an IOCG-type 
deposit, hosted within a coarse-grained ferromag-
nesian carbonate unit (FMC). The main sulfide 
minerals are chalcopyrite, pyrrhotite, and magne-
tite [22, 24, 25]. Open-pit mining commenced in 
April 2006, followed by the initiation of sulfide 
ore processing in July 2006 to produce a copper-
gold concentrate [23]. In 2015, the plant produced 
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17,000 tons of concentrate per month with a grade 
of 22.5% Cu, along with gold as a by-product. 
The total annual production reached 45,001 tons 
of copper and 47,322 ounces of gold, from a total 
extracted volume of 27.5 Mt (including 3.8 Mt of 
ore and 23.7 Mt of waste rock) [26, 27].The waste 
mine tailings generated from ore processing are 
subsequently deposited in nearby tailings storage 
facilities (TSF): TSF1 (2007, 53 ha), TSF2 (2009, 
162 ha), and TSF3 (2015) (Figure 1). 

The kaolin used as a precursor raw material in 
this study was supplied by SANIMED, a Tunisian 
ceramic manufacturing company

Sampling and preparation procedures 		
of raw materials

Sampling was carried out at various locations 
within the TSF1 in accordance with UNE-EN 
932-1 [29]. A total of 10 samples were collected 
according to a predefined plan and site accessibil-
ity. For each sample, the shallowest surface de-
posit layer was removed, and material from the 
top 0–7 cm was collected using a hand shovel. 
Samples were placed in labeled polyethylene bags 
and subsequently mixed and homogenized using 
the quartering method to obtain a representative 
composite sample, referred to as TSFr. All sample 
portions were preconditioned to achieve a stable 
and reproducible physicochemical state prior to 

analysis. Subsequently, they were homogenized 
and reduced to representative subsamples to min-
imize intrinsic heterogeneity following UNE-EN 
932-2 [30]. They were then finely ground (<125 
µm) to ensure sufficient compositional uniformi-
ty and to enhance the reliability and precision of 
chemical and mineralogical characterizations. 

Characterization of raw materials

Several analytical and microscopy techniques 
were employed to determine the physical, chemi-
cal, and mineralogical characteristics of the waste 
mine tailing. Polarized-light optical microscopy 
images (Dept. Mineralogy and Petrology, UGR) 
were adquired in transmision- and reflection-
light modes on ultrapolished thin-sections (~30 
µm-thick). The raw materials were analyzed by 
X-ray diffraction (XRD) (Dept. Mineralogy and 
Petrology, UGR). Whole-sample fractions were 
prepared as disoriented powders after milling in 
an agate mortar. A PANalytical X’Pert Pro diffrac-
tometer (MalvernPanalytical, Malvern, UK) was 
employed to study whole fractions, using Cu Kα 
radiation, 45 kV, and 40 mA. The diffractometer 
is equipped with an X’Celerator solid-state linear 
detector, which produced an overall counting time 
of 10 s/step, with step increments of 0.008° 2θ. 
XRD diagrams were interpreted with HighScore 
and free software. Fourier-transform infrared 

Figure 1. Location and geological context of the Guelb Moghrein Cu-Au deposit (Akjoujt):
(a) location in Mauritania; (b) regional geological map (adapted from [25] after [21];

(c) detailed geological map of the Guelb Moghrein mine [28] ;
d) field view of the sampling waste mine tailing storage site TSF1
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spectroscopy (FTIR) was performed using a FTIR 
spectra (4000–400 cm⁻¹, resolution 0.25 cm⁻¹) on 
raw solid samples. FTIR analyses were acquired 
with a JASCO 6200 spectrometer with software 
SPECTRA MANAGER v2 (Scientific Instrumen-
tation Center, UGR) equipped with an ATR acces-
sory, using transmission mode, to identify the main 
functional groups and complement XRD analysis. 

The microstructure (on raw surfaces and ultra-
polished thin-sections) and elemental chemistry 
(in-situ microanalysis and compositional maps) 
of the raw material samples were characterized 
by scanning electron microscopy (SEM) (Scien-
tific Instrumentation Center, UGR). Microstruc-
tural characterization was performed using a field-
emission environmental scanning electron micro-
scope (FEG-ESEM), FEI Quanta/QuEMSCAN 
650F, equipped with a Schottky field emission gun 
(FEG), a beam deceleration system, and multiple 
electron detectors for high-resolution imaging and 
compositional analysis. Secondary electron (SE) 
images were acquired at an accelerating volt-
age of 5 kV using the ETD detector under high-
vacuum conditions. The low accelerating voltage 
was selected to minimize charging effects and to 
improve the observation of fine surface morpho-
logical features. The microscope operating con-
ditions were optimized to obtain high-resolution, 
low-noise images. Elemental microanalysis was 
conducted at 20 kV using a dual energy-dispersive 
X-ray spectroscopy (EDS) system from Bruker 
equipped with two XFlash 6/30 silicon drift detec-
tors (SDD). Each detector had an active area of 30 
mm² and an energy resolution better than 129 eV 
at Mn Kα (100,000 cps). The dual-detector config-
uration improved X-ray collection efficiency and 
analytical sensitivity, enabling reliable elemental 
characterization, including the detection of light 
elements from boron onward through the use of 
ultralight detector windows. Compositional con-
trast imaging was obtained using the CBS solid-
state backscattered electron (BSE) detector. This 
detector is segmented into concentric sections 
that allow angular discrimination of backscattered 
electrons, providing enhanced compositional con-
trast based on differences in atomic number be-
tween phases. These approaches provided detailed 
insights into particle morphology, aggregation 
features, and microscale mineral heterogeneities.

Whole-sample, major-elements (oxide-) 
concentrations were determined by X-ray fluo-
rescence (XRF) using a ZETIUM spectrometer 
(Research, Technology and Innovation Center, 

Univ. Seville, Spain). Analyses were performed 
with the WROXI PRO method. Whole-sample 
powders were fused with lithium tetraborate prior 
to measurement. Analytical precision was typi-
cally better than ±1.5% for analyte concentrations 
around 10 wt.%. XRF quantifies the volatile con-
tent of the samples by means of loss on ignition 
(LOI). Humidity content was also determined by 
oven-drying at 105 °C to quantify the water pres-
ent. Calcium carbonate content (% CaCO₃) was 
measured using a Bernard calcimeter, and pH 
measurements provided additional information 
on the chemical characteristics of the waste mine 
tailings. To ensure data reliability, all analyses 
were performed in triplicate.

Geopolymer sample preparation

The mining tailings (TSFr) were oven-dried at 
105 °C for 24 h until constant mass, subsequently 
ground, and sieved to obtain a particle size frac-
tion below 125 µm (Figure 2). The metakaolin 
(MK) used as a reactive aluminosilicate precur-
sor was obtained by calcination of kaolin at 750 
°C for 5 h to ensure complete dehydroxylation 
and the formation of a highly reactive amorphous 
phase. The alkaline activator consisted of a 12 
M KOH solution prepared 24 h before use using 
analytical-grade potassium hydroxide pellets and 
distilled water to ensure stabilization of the so-
lution (Figure 2). The geopolymer formulations 
were prepared by replacing MK with different 
proportions of TSFr while maintaining constant 
alkaline activation conditions. The liquid-to-sol-
id (L/S) ratio, defined as the mass ratio between 
the alkaline activator solution and the total solid 
precursors, was fixed at 0.8 for all mixtures to 
maintain comparable workability and ensure con-
sistent activation conditions. The solid precursors 
were first homogenized by mechanical mixing, 
followed by gradual addition of the alkaline acti-
vator. Mixing was continued for 15 min to obtain 
a homogeneous geopolymer paste with uniform 
distribution of the activating solution.

The fresh geopolymer pastes were cast into 
alkali-resistant cylindrical molds with a diam-
eter of 22 mm and a height of 44 mm (L/D = 2). 
The specimens were compacted to minimize en-
trapped air and demolded after 24 h. Curing was 
performed at a controlled temperature of 60 °C 
for 7, 14, and 21 days to evaluate the evolution 
of geopolymer structure and mechanical per-
formance under accelerated curing conditions, 
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following procedures commonly reported for 
alkali-activated materials [26–31]. Prior to me-
chanical testing, all specimens were conditioned 
at room temperature for 24 h to minimize varia-
tions related to temperature and moisture content.

All geopolymer formulations were prepared 
in triplicate to ensure experimental reproducibil-
ity. The compressive strength results are reported 
as the average value ± standard deviation, and 
error bars were added to represent experimental 
variability (Table 1). 

Geopolymer characterization and testing

The synthesized geopolymers were charac-
terized in terms of their chemical, mineralogical, 
microstructural, and mechanical properties. The 
uniaxial unconfined compressive strength (UCS) 
was determined on cylindrical specimens follow-
ing the general recommendations of ASTM C39/
C39M for compressive testing of cylindrical ma-
terials. The tests were performed using a LLOYD 
LR50K universal testing machine (National 
School of Engineers of Sfax, Tunisia) controlled 
by NEXYGEN Plus software, under a constant 
displacement rate of 2 mm/min until failure.

For each formulation and curing age, three in-
dependent specimens were tested, and the results 
are reported as the mean compressive strength 
value ± standard deviation. The fracture patterns 
and crack development after failure were exam-
ined to establish relationships between mechani-
cal behavior and microstructural characteristics.

Microstructural, chemical, and mineralogical 
investigations were performed using optical mi-
croscopy, EDS-SEM, X-ray diffraction (XRD), 
and Fourier-transform infrared spectroscopy 
(FTIR). These complementary techniques were 
used to identify phase assemblages, characterize 
reaction products, and evaluate the evolution of the 
geopolymeric matrix during alkaline activation.

RESULTS AND DISCUSSION

Characterization of raw materials

Physicochemistry of raw materials

The bulk chemical composition of the TSFr 
waste mine tailing and MK metakaolinite pre-
cursors was determined by X-ray fluorescence 
(XRF), and the results are summarized in Table 2. 
The TSFr sample exhibits high concentrations of 

Figure 2. Flowchart of geopolymer preparation: (1) raw materials; (2) MK calcination at 750 °C for 5 h;
(3–4) grinding; (5) sieved raw materials; (6) KOH solution preparation; (7) mixing;
(8) curing. Lower images illustrate examples of synthesized geopolymer cylinders
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some major oxides, particularly Fe₂O₃ (46.6%), 
reflecting the abundance of iron-bearing miner-
als in the waste mine tailings, such as magnetite, 
hematite, chalcopyrite, pyrrhotite, and arseno-
pyrite (see next sections). In contrast, MK is 
characterized by high SiO₂ (51.27%) and Al₂O₃ 
(36.66%) contents, indicating its suitability as an 
aluminosilicate source for geopolymer synthe-
sis. The TSFr also contains moderate amounts 
of MgO (12.93%) and minor quantities of CaO, 
Na₂O, K₂O, P₂O₅, and SO₃, while other trace ox-
ides such as TiO₂, Mn₃O₄, V₂O₅, and HfO₂ are 
present at very low levels or below the detection 
limit. Notably, the LOI of TSFr is 26.25%, which 
represents the combined weight loss of humidity, 
organic matter, and carbonates during XRF anal-
ysis heating. The MK exhibits a lower LOI of 
6.58%, consistent with its more thermally stable 
nature in comparison with TSFr. These compo-
sitional differences highlight the complementary 
nature of TSFr and MK: TSFr provides with an 
iron-rich matrix, while MK contributes with the 
aluminosilicate framework necessary for geo-
polymer formation. 

The physico-chemical properties of the TSFr 
tailings were investigated to assess their suitabil-
ity as a geopolymer precursor. Key parameters, 
including calcium carbonate (CaCO₃) content, 
pH, humidity, and organic matter content, were 
measured, and the results are presented in Table 
2. The TSFr sample exhibits a CaCO₃ content of 
4%, indicating a minor carbonate fraction that 
may contribute slightly to alkalinity. The pH 
value of 7.4 confirms that the tailings are near 
neutral, which is favorable for alkali activation. 
The humidity is 6%, reflecting the inherent water 

present in the material, which could influence the 
early geopolymerization process and it needs to 
be considered during material processing.

These properties provide essential baseline 
information for tailoring the geopolymer synthe-
sis parameters, such as water-to-solid ratio, alkali 
solution concentration, and curing conditions, in 
order to optimize matrix phase framework devel-
opment and thus mechanical performance.

FTIR characterization of raw materials

The FTIR spectra of kaolin and metakaolin 
can be divided into two main regions: 4000–1350 
cm⁻¹ and 1350–350 cm⁻¹ (Figure 3). In the high-
wavenumber region, raw kaolin exhibits charac-
teristic bands between 3600 and 3700 cm⁻¹, at-
tributed to O–H stretching vibrations of structural 
hydroxyl groups (Al–OH). These bands disappear 
after calcination, indicating the dehydroxylation 
of kaolinite and its transformation into amorphous 
metakaolin [31,32]. In the low-wavenumber re-
gion, the band observed around 1030–1110 cm⁻¹ 
is assigned to asymmetric Si–O–Si and Si–O–Al 
stretching vibrations, characteristic of alumino-
silicate frameworks. Additional bands located at 
approximately 570 and 465 cm⁻¹ are attributed 
to bending vibrations of Si–O–Al and Si–O–Si 
bonds, respectively [33,34]. The weak band near 
1600 cm⁻¹ corresponds to the bending vibration 
of adsorbed water molecules. The overall de-
crease in band intensity after calcination reflects 
the structural disorder and increased amorphous 
nature of metakaolin [35]. 

The FTIR spectrum of TSFr reveals several 
absorption bands associated with iron-bearing 
phases and silicate structures (Figure 3). The 

Table 1. Raw components proportions and curing times (at 60 °C) used for geopolymer synthesis

Sample ID TSFr (%) TSFr (g) MK (%) MK (g) KOH (M) Curing 
temperature (°C)

Curing time 
(days) L/S

GP:D100.12.T21 100 100 0 0 12 60 21 0.8

GP:D50.12.T21 50 50 50 50 12 60 21 0.8

GP:D0.12.T21 0 0 100 100 12 60 21 0.8

GP:D100.12.T14 100 100 0 0 12 60 14 0.8

GP:D50.12.T14 50 50 50 50 12 60 14 0.8

GP:D0.12.T14 0 0 100 100 12 60 14 0.8

GP:D100.12.T7 100 100 0 0 12 60 7 0.8

GP:D50.12.T7 50 50 50 50 12 60 7 0.8

GP:D0.12.T7 0 0 100 100 12 60 7 0.8
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bands observed in the range of 460–570 cm⁻¹ are 
attributed to Fe–O vibrations, suggesting the pres-
ence of iron oxides such as hematite and magne-
tite. The broad band around 3400 cm⁻¹ and the 
band near 1620 cm⁻¹ are assigned to O–H stretch-
ing and H–O–H bending vibrations, respective-
ly, indicating the presence of adsorbed water 

and hydroxyl groups [33, 34, 36]. A weak band 
around 3100–3200 cm⁻¹ may be associated with 
hydroxyl groups linked to iron-bearing minerals 
such as goethite [35, 37]. Overall, these spectral 
features confirm the presence of aluminosilicate 
and iron-rich phases in the studied materials, 
which is consistent with the XRF results and will 
be further validated by XRD analysis. 

Mineralogical characterization (XRD) 		
of raw materials

The XRD analysis of TSFr reveals a miner-
alogical assemblage dominated by magnetite, 
siderite, quartz, muscovite, and dolomite, which 
is consistent with Fe-rich waste mine tailings 
reported in the literature [31] (Figure 4). Minor 
arsenide phases such as lollingite and clinosafflo-
rite may also be present. The high abundance of 
iron-bearing phases is in agreement with the el-
evated Fe₂O₃ content obtained from XRF analysis 
and the magnetic susceptibility properties of the 
waste mine tailings (Figure 5).

The XRD pattern of metakaolin exhibit a 
broad amorphous halo in the range of 15°–35° 
(2θ), characteristic of the transformation of crys-
talline kaolinite into amorphous metakaolinite 
(Figure 4). The shift in the halo position reflects 
structural disorder induced by dehydroxylation 
during calcination at 750 °C. However, residual 
crystalline phases, mainly quartz, remain, as indi-
cated by the intense peak at approximately 26° (2θ) 
[32, 33]. Additional reflections observed at ~20°, 
24°, 35°, and 42° suggest the persistence of partial-
ly transformed aluminosilicate structures. These 

Table 2. Chemical and physico-chemical properties of 
raw materials (N.D. – not detected)

Parameter TSFr MK

Major oxides (%)

SiO₂ 6.20 51.27

Al₂O₃ 0.84 36.66

Fe₂O₃ (total Fe) 46.56 1.11

MgO 12.93 0.41

CaO 1.85 0.06

Minor oxides (%)

TiO₂ 0.07 0.14

Mn₃O₄ 1.04 N.D.

Na₂O 0.42 0.11

K₂O 0.12 3.46

P₂O₅ 0.06 0.08

SO₃ 3.48 N.D.

V₂O₅ N.D. N.D.

HfO₂ N.D. N.D.
Physico-chemical 

properties
L.O.I (%) 26.25 6.58

CaCO₃ (%) 4 —

pH 7.4 —

Humidity (%) 6 —

Figure 3. FTIR spectra of raw materials. See text for explanation
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observations are consistent with previous studies. 
The presence of silica in both TSFr and metakaolin 
is further supported by FTIR analysis [34–37, 38].

Optical microscopy characterization of 		
waste mine tailing

Ultrapolished thin-sections were made after 
epoxy resin-induced consolidation of TSFr. Opti-
cal microscopy images revealed a non-sorted pool 
of, ore-inherited, mineral clasts (up to 500 µm-
large, ~100–200 µm on average) composed by 
carbonates, phyllosilicates (muscovite, chlorite, 
biotite), quartz, Fe-hydroxides, and minor quanti-
ties of pyrite, magnetite and K-feldspar (Figure 
6). This mineralogical assemblage is consistent 
with findings from waste mine tailings of similar 
Fe-rich polymetallic sulfide deposits worldwide, 
such as those reported by [39] in China and [40] in 
India. The coexistence of sulfide and Fe-(hydro-)
oxidized phases reflects both the original hydro-
geochemical conditions of the ore and the subse-
quent alteration processes during ore processing, 

waste mine tailings deposition and weathering 
[41–43]. Such mineral content is commonly ob-
served in Fe-rich mining residues and support the 
interpretation of XRD and FTIR data.

Characterization of the synthesized 
geopolymers

FTIR analysis of geopolymers

FTIR spectra of Bir Oumgrein TSF-derived 
geopolymers reveal both the persistence of pre-
cursor mineral phases and the formation of a 
geopolymeric network. The survival of precur-
sor-related bands after alkaline activation indi-
cates  partial dissolution  of the tailings (Figure 
7). Absorptions in the  800–900 cm⁻¹  region are 
assigned to Si–O stretching of residual silicates. 
The broad 460–610 cm⁻¹ range encompasses sili-
cate framework bending, including contributions 
from the new geopolymeric gel (Si–O–Al, Si–O–
Si). The peak at 639 cm⁻¹ is characteristic of re-
sidual magnetite, while the shoulder near  1047 

Figure 4. XRD patterns of (a) metakaolin and (b) TSFr

Figure 5. Magnetic behavior of the TSFr
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cm⁻¹  originates from undissolved aluminosili-
cates. These features confirm that the Fe-rich 
phases of the Bir Oumgrein TSF remain  largely 
unreactive under the studied alkaline conditions 
[40, 44]. Compared with the raw material, a 
noticeable shift of the main Si–O–T (T = Si or 
Al) band toward lower wavenumbers, centered 
around 1000–1010 cm⁻¹, is observed after al-
kaline activation. [45, 46] This shift reflects the 
partial dissolution of the original aluminosilicate 
phases and the subsequent formation of an amor-
phous geopolymeric network. However, the mag-
nitude of this shift remains less pronounced than 
that typically reported for conventional metaka-
olin-based geopolymers (generally in the range 
of 950–990 cm⁻¹), [47, 48] suggesting a limited 
degree of structural reorganization in the present 
system. The main band centered at ~1000–1010 
cm⁻¹, attributed to asymmetric stretching vibra-
tion of Si–O–T bonds, represents a characteristic 
fingerprint of geopolymer gel formation [12, 19, 
48]. Its relatively broad shape and moderate in-
tensity further indicate the coexistence of a par-
tially disordered amorphous phase with residual 
crystalline components. The limited shift and 
spectral features observed here can be attributed 
to the low availability of reactive aluminum, re-
sulting in a relatively high Si/Al ratio compared 
to typical geopolymeric systems (Si/Al ≈ 1–3) 
[35, 35, 49, 50]. This compositional constraint 
restricts the formation of a highly cross-linked 
aluminosilicate network. As a consequence, the 
geopolymeric gel formed is likely dominated by 
Si-rich structures, such as K–A–S–H-type gels, 
with possible involvement of Fe-bearing spe-
cies due to the high Fe content of the precursor 
[32, 36, 51]. The reduced incorporation of Al into 

the framework limits the polymerization degree 
and network connectivity, thereby affecting the 
structural integrity of the material [50]. The per-
sistence of crystalline phases together with the 
moderate shift of the main band indicates incom-
plete geopolymerization, which can be attributed 
to the low reactivity of Fe-rich phases and the un-
favorable Si/Al ratio. These structural limitations 
are consistent with the relatively low mechanical 
performance observed, highlighting the critical 
role of precursor composition in controlling gel 
formation and network densification. Finally, the 
bands located at approximately 1640 cm⁻¹ and 
3430 cm⁻¹ correspond to the bending and stretch-
ing vibrations of molecular water (H–O–H) and 
hydroxyl (–OH) groups, respectively, indicating 
the presence of physically bound water within the 
geopolymeric matrix [17, 31, 43]. 

Mineralogical characterization (XRD) 		
of geopolymers

X-ray diffraction patterns of the synthesized 
geopolymers reveal clear and systematic mineral-
ogical variations that strongly depend on the MK/
TSFr ratio, highlighting the influence of precur-
sor composition on reactivity and geopolymeriza-
tion (Figure 8). The evolution of the diffraction 
features is consistent with trends reported in other 
studies of multi-precursor geopolymers, where 
the extent of amorphization and crystalline phase 
dissolution govern mechanical performance and 
structural development [52]. 

The GP:D0.12.T21 sample (100% MK) ex-
hibits a pronounced amorphous hump between 
18° and 25° (2θ), characteristic of substantial 
geopolymeric gel formation. This halo, together 
with the suppression of the original crystalline 

Figure 6. Optical microscopy images of TSFr (consolidated with epoxy resin) ultrapolished thin-section under 
(a) reflected- and (b) transmitted (cross-polarized)-light
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reflections associated with metakaolin, reflects 
extensive dissolution of reactive aluminosilicate 
phases and the development of a highly disor-
dered network. Similar behavior has been docu-
mented in metakaolin-based geopolymers, where 
the reduction of crystalline peaks and emergence 
of a broad amorphous background correlate with 
effective precursor dissolution and network con-
densation [53–55]. For the GP:D50.12.T21 sam-
ple (50% TSFr), the diffraction pattern shows a 
further reduction in the intensity of crystalline 
reflections compared to the raw materials and a 
moderate broadening of the amorphous hump. 
This suggests a synergistic interaction between 
MK and TSFr, facilitating partial dissolution of 
both precursors and contributing to the formation 
of a hybrid geopolymeric matrix. Such interac-
tions have been observed in geopolymer systems 
incorporating fly ash or other mineral additives, 

where balanced dissolution kinetics enhance net-
work formation and densification [17]. In con-
trast, the GP:D100.12.T21 sample (100% TSFr) 
exhibits limited mineralogical evolution after al-
kaline activation. The diffraction pattern remains 
dominated by sharp crystalline peaks with only 
a weak and poorly developed amorphous halo. 
Peaks corresponding to iron-rich phases, partic-
ularly magnetite (Fe²⁺Fe₂³⁺O₄), persist and even 
intensify, indicating their low reactivity under the 
present alkaline conditions (Figure 8). The domi-
nance of such inert phases, coupled with the low 
availability of reactive aluminum, hinders the 
formation of a continuous three-dimensional alu-
minosilicate gel network. This observation aligns 
with literature reporting that tailings-rich geo-
polymers often show reduced amorphous content 
and poorer mechanical performance due to insuf-
ficient dissolution of reactive components [56].

The comparison with raw precursor patterns 
confirms that the extent of amorphization decreas-
es markedly with increasing TSFr content. This 
trend emphasizes that pure TSFr lacks sufficient 
reactive phases to develop a dense geopolymeric 
gel, in contrast to MK-dominated systems. Previ-
ous work has shown that successful geopolymer-
ization generally requires a Si/Al balance and suf-
ficient dissolution of aluminosilicate sources to en-
able polymerization and network formation [56].

Overall, the XRD results demonstrate that 
the degree of amorphization and phase transfor-
mation is controlled by the composition of the 
precursors, corroborating the known importance 
of precursor reactivity and Si/Al balance on geo-
polymer structure and properties [47, 57, 58]. 

Optical and SEM analysis of geopolymers

Observations of polished thin-sections un-
der polarized-light optical microscopy confirmed 
the presence of amorphous material dispersed in 
the matrix and concentrated in ~500–1000 µm-
diameter bubles (Figure 9), indicating that geo-
polymerization occurred. However, this reaction 
was not complete, as most TSFr-forming miner-
als (including magnetite, chalcopyrite, carbonates, 
quartz, phyllosilicates, K-feldspar, and iron hy-
droxides) remained largely unreacted. EDS-SEM 
analysis further revealed the persistence of potas-
sium feldspar and iron hydroxides, highlighting 
the heterogeneous reactivity of the precursor phas-
es. Microstructural of GP:D100.12.T21 shows 
that matrix homogeneity and precursor reactivity 

Figure 7. FTIR spectra of the synthesized 
geopolymers cured during 21 days (see Table 1)

Figure 8. XRD patterns of the synthesized 
geopolymers cured during 21 days (see Table 1)
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strongly influence mechanical performance (Fig-
ure 10). White efflorescence deposits observed on 
the geopolymer cylinder surface (Figure 2: GP : 
D100.12.T21) indicate the presence of residual al-
kalis (K⁺, Na⁺) not incorporated into the geopoly-
meric network, consistent with FTIR observations 
showing weak geopolymerization bands in alumi-
num-deficient samples [8, 19, 50].

The geopolymer matrix exhibits microcracks 
and voids caused by water evaporation during cur-
ing, which reduce compactness and increase poros-
ity. XRD analysis confirms that these regions corre-
spond to persistent crystalline phases – particularly 
iron oxides such as magnetite and hematite – rather 
than the broad amorphous hump characteristic of 
fully polymerized geopolymer gel. EDS-SEM el-
emental mapping shows heterogeneous elemental 
distribution, with localized enrichment in Ca and 
Fe corresponding to non-reactive phases identified 
by XRD and FTIR (Figure 10). This incomplete 
reaction, coupled with the low availability of reac-
tive aluminum, results in a predominantly Si-rich 
geopolymeric gel, possibly containing Fe-associ-
ated environments, rather than a well-developed 
N–A–S–H network, explaining the relatively low 
compressive strength observed (see next section). 

Overall, the integration of optical petro-
graphic microscopy, EDS-SEM, FTIR, and XRD 
demonstrates that the extent of geopolymeriza-
tion is strongly controlled by precursor composi-
tion, Si/Al ratio, and phase reactivity. Our results 

emphasize the critical role of reactive aluminosil-
icates and phase distribution in achieving dense, 
mechanically robust geopolymers, as evidenced 
previously [19, 54, 59, 60]. 

It should be noted that the present character-
ization techniques provide indirect evidence of Fe 
participation in the geopolymerization process. 
Advanced techniques such as Mössbauer spec-
troscopy, XPS, solid-state NMR, or TEM would 
be required to confirm the exact coordination en-
vironment of Fe within the geopolymeric struc-
ture. Therefore, Fe incorporation is discussed 
here as a probable mechanism rather than a de-
finitive atomic-scale assignment.

Compressive strength evolution of geopolymers

The compressive strength evolution of the 
synthesized geopolymers was systematically in-
vestigated after 7, 14, and 21 days of curing at 60 
°C (Figure 11). For each formulation and curing 
age, the reported values correspond to the mean 
compressive strength obtained from three inde-
pendent measurements, while the error bars rep-
resent the associated standard deviations, reflect-
ing the reproducibility and experimental variabil-
ity of the mechanical testing. 

The GP:D0.12 formulation (100% metaka-
olin) exhibited a continuous increase in compres-
sive strength with curing time, increasing from 
7.0 MPa after 7 days to 8.5 MPa after 21 days, 
with an intermediate value of approximately 7.3 

Figure 9. Transmitted-light optical microscopy petrographic thin-section images of geopolymer GP: D100.12.T21
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MPa after 14 days (Figure 11). This progres-
sive strength development is attributed to the 
high reactivity of metakaolin, which provides a 
highly available aluminosilicate source promot-
ing geopolymer network formation and progres-
sive matrix densification. The broad amorphous 
halo observed in XRD patterns indicates the de-
velopment of disordered aluminosilicate reaction 
products, while FTIR spectra reveal structural 
rearrangements within the aluminosilicate frame-
work through the evolution of T–O–Si/Al vibra-
tions, supporting the formation of geopolymeric 
reaction products [18, 61]. 

The GP:D50.12 formulation (50% TSFr and 
50% metakaolin) showed a significant improve-
ment in compressive strength with curing time, 
increasing from 4.8 MPa after 7 days to 8.0 MPa 
after 21 days. This behavior highlights the ben-
eficial effect of combining iron-rich copper tail-
ings with a reactive aluminosilicate precursor. 
The reduction in crystalline peak intensities ob-
served in XRD patterns compared with the ini-
tial raw materials suggests partial dissolution and 

transformation of the precursor phases during 
alkaline activation. The presence of metakaolin 
enhances the availability of reactive Al species, 
favoring the development of an interconnected 
geopolymeric matrix. These structural evolutions 
are consistent with the improved mechanical per-
formance, suggesting that the progressive devel-
opment of the geopolymeric matrix and the pos-
sible contribution of Fe-bearing phases may influ-
ence the final properties of the material [58, 59].

In contrast, the GP:D100.12 formulation 
(100% TSFr) exhibited a more limited strength 
evolution, increasing from 6.0 MPa after 7 days 
to 7.0 MPa after 21 days, with an intermediate 
value of approximately 6.5 MPa after 14 days. 
The lower mechanical development compared 
with metakaolin-containing formulations can 
be related to the mineralogical characteristics of 
TSFr, particularly the limited availability of reac-
tive aluminum species and the predominance of 
less reactive Fe-bearing crystalline phases. XRD 
patterns reveal the persistence of iron oxide-relat-
ed reflections, while FTIR spectra show weaker 

Figure 10. Rough surface SEM images and in-situ EDS-SEM chemical analyses of geopolymer GP: D100.12.T21
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modifications associated with geopolymeric 
structural development, suggesting a lower ex-
tent of aluminosilicate network formation. SEM 
observations further support this interpretation 
by revealing a heterogeneous microstructure with 
local cavities and microcracks, which may limit 
matrix densification and mechanical performance 
[13, 37, 57, 62, 63]. 

The compressive strength results showed low 
variability among triplicate measurements, with 
standard deviations ranging from 0.20 to 0.71 
MPa, corresponding approximately to 2.5–10% 
of the average strength values. This limited dis-
persion confirms the good repeatability of the 
mechanical testing procedure and supports the 
reliability of the observed strength evolution. The 
remaining variability can be attributed to the het-
erogeneous nature of mining tailings-based geo-
polymers and local differences in microstructural 
development during curing.

Overall, the results demonstrate that the 
mechanical performance of TSFr-based geo-
polymers is strongly controlled by the balance 
between waste incorporation and reactive alumi-
nosilicate availability. The GP:D50.12 formula-
tion represents an optimal compromise between 
mechanical performance and sustainable waste 
valorization, demonstrating the feasibility of in-
corporating iron-rich copper mine tailings into 
geopolymeric materials while maintaining com-
petitive compressive strength.

Potential contaminant stabilization mechanisms

Environmental performance of geopolymer 
binders formulated from mining residues is a ma-
jor issue. Contaminant potential stabilization re-
lies on their conversion into precipitated phases of 
low solubility (hydroxides, carbonates, silicates, 
or) within the newly formed solid matrix [64] 
(Figure 12). This process is governed by three 
complementary mechanisms: chemical fixation, 
surface adsorption onto hydration products, and 
physical encapsulation, the latter being strictly 
dependent on the density and porous microstruc-
ture of the hardened paste [65,66]. In geopolymer 
matrices, immobilization occurs within a three-
dimensional aluminosilicate network [67]. The 
primary mechanism involves the incorporation 
of metal ions into the structure to compensate for 
the negative charge of AlO₄⁻ tetrahedra (Figure 
12). According to [45] this process takes place in 
three steps: integration of ions into the network, 
structural bonding for charge balance, and finally 
physical encapsulation of metallic precipitates 
[68]. This synergy is favored by the high alkalin-
ity of the medium and the nanostructural organi-
zation of the geopolymer gel [69].

However, the predominance of one mecha-
nism over another remains a subject of scientific 
debate. On one hand, many authors argue that 
physical encapsulation is the determining factor 
in stabilization efficiency. In dense, low-perme-
ability matrices, reduced pore connectivity dras-
tically limits contaminant transport [70, 71]. In 

Figure 11. Uniaxial compressive strength evolution of synthesized geopolymers at different curing ages
Data are presented as mean ± standard deviation from three independent measurements (n = 3)
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such systems, optimized dissolution of aluminum 
and silicon promotes polycondensation reactions, 
leading to a more compact structure. For exam-
ple, the formation of highly insoluble lead sili-
cates (Pb₃SiO₅), identified by XRD, suggests that 
Pb potential stabilization is mainly governed by 
encapsulation of precipitated phases. On the other 
hand, studies by [45] highlight the predominance 
of chemical potential stabilization, showing that 
elements such as arsenic preferentially associ-
ate with iron-rich amorphous phases within the 
matrix, suggesting chemical bonding rather than 
simple physical encapsulation [57]. Similarly, 
[61] indicated that in kaolin-zeolite systems, met-
al cations function as charge-balancing species 
within the geopolymeric network, with no signifi-
cant alteration of the material’s crystallinity.

However, the actual potential stabilization 
efficiency and environmental stability of the de-
veloped geopolymer materials were not experi-
mentally evaluated in this study. Further investi-
gations using standardized leaching procedures, 
such as TCLP, EN 12457, or SPLP tests, are re-
quired to quantitatively assess the retention of po-
tentially hazardous elements.

CONCLUSIONS

This study provides new insights into the 
geopolymerization potential of iron-rich cop-
per mine tailings from the Guelb Moghrein 
IOCG-type deposit (Mauritania), demonstrating 
their transformation from a mining waste into 
a functional geopolymeric material. The results 
highlight that the valorization of such com-
plex Fe-bearing tailings requires a careful bal-
ance between waste incorporation and reactive 

aluminosilicate availability to achieve efficient 
geopolymer network development.

The combined mineralogical, spectroscopic, 
microstructural, and mechanical investigations 
confirmed that alkaline activation induced signifi-
cant modifications of the original tailings struc-
ture and promoted the formation of geopolymeric 
reaction products. The incorporation of metaka-
olin enhanced the availability of reactive Si and 
Al species, facilitating the development of a more 
continuous and mechanically efficient alumino-
silicate matrix. The evolution of Fe-bearing phas-
es during activation suggests their involvement 
in the geopolymerization environment; however, 
their exact structural contribution at the atomic 
scale remains to be confirmed by advanced char-
acterization techniques.

The mechanical performance demonstrated 
a clear curing-time dependence, with progres-
sive strength development for all formulations. 
Among the investigated systems, the GP:D50.12 
formulation achieved the most favorable balance, 
reaching approximately 8 MPa after 21 days 
while incorporating 50% mining tailings. This re-
sult highlights the possibility of achieving high 
waste substitution without compromising me-
chanical performance, representing a significant 
step toward sustainable geopolymeric construc-
tion materials based on mining residues.

The statistical analysis of compressive 
strength data, with low standard deviations 
(0.20–0.71 MPa), confirmed the reproducibil-
ity of the experimental approach and strength-
ened the reliability of the observed mechani-
cal trends. Although the full replacement of 
metakaolin by TSFr resulted in a less developed 
geopolymeric network due to limited reactive 
aluminosilicate availability, the obtained results 
demonstrate the intrinsic potential of iron-rich 
copper tailings as a secondary raw material for 
geopolymer production.

Overall, this work advances the understand-
ing of geopolymerization of Fe-rich mining resi-
dues by establishing a direct relationship between 
precursor composition, structural evolution, and 
mechanical behavior. It provides a sustainable 
pathway for the valorization of Guelb Moghrein 
copper tailings and opens new perspectives for 
the development of low-carbon construction ma-
terials from complex mining wastes.

Figure 12. The three-dimensional structure
of a N-A-S-H gel [71]
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