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Abstract 
The supply of conventional aggregates represents a well-established major 
challenge in several landlocked localities of the Lake Chad Basin, particularly 
in the Zimado area, where such materials are typically sourced from quarries 
located at considerable distances. In response to this constraint, the present 
study aimed, for the first time, to carry out a comprehensive physical, chemical 
and mineralogical characterization of Zimado clay, with a view to assessing its 
thermal expansion potential for the production of lightweight aggregates via 
heat treatment. Three representative samples (ZC1, ZC2 and ZC3) were col-
lected at a depth of 70 cm to ensure adequate spatial representativeness. These 
samples were subjected to particle size analysis (NF P 94-056/057), Atterberg 
limit determination (NF P 94-051) and absolute density measurement, along-
side geochemical and mineralogical analyses including X-ray fluorescence 
(XRF), X-ray diffraction (XRD) and Fourier-transform infrared (FTIR) spec-
troscopy. The results reveal that Zimado clay exhibits a silty-clayey texture, 
with silt and clay fractions accounting for 41.41% and 24.84%, respectively, a 
moderate plasticity index ranging from 15.68% to 23.12%, and a mean abso-
lute density of 2.409 g/cm3. The chemical composition is predominantly alu-
minosilicate in nature, with SiO2 contents ranging from 63.06 to 65.90 wt% 
and Al2O3 from 14.94 to 15.60 wt%. The mineralogical assemblage is domi-
nated by quartz, kaolinite, illite, feldspars and ferruginous phases. Assessment 
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against Riley’s (1951) expansion screening criteria indicates that two of the 
three compositional thresholds are met by the measured composition; only 
the total flux oxide content (~10.55 - 11.78 wt%) falls marginally below the 
recommended minimum of 13 wt%. Collectively, these results provide a first 
baseline characterization of Zimado clay and support its preliminary identifi-
cation as a physicochemical promising precursor for lightweight expanded 
clay aggregate production; empirical validation through firing trials remains 
necessary before production suitability can be confirmed. 
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1. Introduction 

In the Far North Region of Cameroon, access to conventional construction aggre-
gates is persistent constrain. In Zimado, a locality within the Logone-Birni subdi-
vision, no hard rock deposit is available locally. Gravel must be transported from 
Mora or Waza approximately 250 km away, or form Moundou in Chad at 450 k, 
generating transportation costs that represent a substantial share of total project 
expenditure [1] [2]. Since aggregates account for 60% to 80% of concrete volume 
and directly govern its compressive strength, workability and durability [3], these 
logistics are not a secondary concern: they explain why school infrastructure and 
housing projects in the area frequently fail to reach completion [4]. The extraction 
of alluvial aggregates from local seasonal watercourses (mayos) has been explored 
as an alternative, but raises serious environmental concerns, accelerated bank ero-
sion, destabilization of riparian zones, and increased flood risk that limit its via-
bility [5] [6]. Zimado does, however, possess abundant clay-rich soils, currently 
exploited through artisanal techniques for fired bricks and ceramics. The plasticity 
of these clays, governed by their mineralogical composition and water content [7], 
makes them candidates for thermal expansion. Expanded clay produced by rapid 
firing at 900˚C - 1300˚C [8] is a lightweight porous aggregate whose density re-
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duction dans controlled porosity confer thermal and acoustic insulation proper-
ties [9] [10] while retaining mechanical performance compatible with structural 
applications [11]. The expansion mechanism relies on the release of internal gases 
during vitrification, as described by Riley (1951) [12], and is governed by the min-
eralogical and chemical composition of the raw material: the presence of clay min-
erals (kaolinite, illite), quartz and fluxing oxides (Fe2O3, K2O, CaO, MgO) influ-
ences the viscosity of the glassy phase and the condition under which gases are 
generated and trapped [13]-[18]. Producing expanded clay locally would reduce 
dependence on imported aggregates, lower transportation-related CO2 emissions 
[19], and create a pathway for the circular valorization of a readily available geo-
resource [20] [21]. However, none of this is achievable without a rigorous charac-
terization of the raw material. 

No prior published characterization of Zimado clays has been identified in the 
literature. This study provides the first reported physicochemical and mineralog-
ical analysis of this material, combining particle size analysis, Atterberg limits, ab-
solute density, XRF, XRD and FTIR, with the objective of assessing its suitability 
as a precursor for lightweight expanded clay aggregate production. 

2. Methodology 
2.1. Study Area 
2.1.1. Localization, Climate 
The study area is located in Zimado, a locality within the Logone-Birni subdivi-
sion in the Far North Region of Cameroon, situated at coordinates 11˚40'06" 
North and 15˚04'27" East. Figure 1 situated the site within this administrative  

 

 
Figure 1. Location of the studied area in Cameroon. 
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hierarchy and shows its position relative to the local topography and hydrographic 
network, confirming its location immediately adjacent to the Logone River. The 
locality experiences a Sudano-Sahelian climate, characterized by the alternation 
of two seasons, a long dry season (October-June) and a short rainy season (July-
September) [22]. The average recorded temperature is 29˚C, with April being the 
hottest month, reaching up to ~40.7˚C, and December the coldest, dropping to 
~18.8˚C, with an average annual precipitation of 700 mm. The topography around 
Zimado and Logone-Birni is that of a flat floodplain (288 - 315 m altitude), form-
ing part of the Chad Basin, dominated by the Logone River and its marshlands 
[23]. 

2.1.2. Geological Setting 
Zimado lies within the Logone Birni Basin, an intracratonic basin of the West and 
Central African rift system covering approximately 27000 km2 in northern Cam-
eroon, formed by Mesozoic rifting and infilled by sediment ranging from the Ne-
ocomian to Quaternary [24]. At the surface, the basin is blanketed by Quaternary 
detrital sediments typical of the Chad Basin floodplain derived from the erosion 
of the Precambrian crystalline basement to the south and reworked by the Logone 
river and its seasonal tributaries (mayos) [25]. Comparable clay deposits in the 
region have been described as polygenic, combining a detrital quartz-feldspathic 
fraction with clay minerals formed during transport and post-depositional weath-
ering [26]. The clay-rich horizons around Zimado have long been exploited arti-
sanally [27]. 

2.2. Field Investigation and Sampling 

The valorization of Zimado clay as a lightweight aggregate requires meticulous, 
multi-scale characterisation based on internationally recognized analytical tech-
niques. The objective is to verify whether these raw materials exhibit the physical, 
mineralogical, and chemical properties compatible with the production of light-
weight expanded clay aggregates (LECA) compliant with established technical 
standards [28]. 

The field investigation began with a phase of prospection and reconnaissance 
of areas known for artisanal exploitation of clay materials intended for the manu-
facture of fired bricks and ceramic products. As shown in Figure 2, the sampling 
pit was excavated within such an active artisanal extraction site, confirming the 
empirical suitability of the material for firing and ceramic production. The ex-
posed profile shows a homogeneous, stone free clay horizon supporting the choice 
of a 70 cm sampling depth below the sandy topsoil in the Zimado II neighborhood, 
intended to avoid superficial disturbances and to obtain a more homogeneous 
material. The observed grey tint suggests either a mineral composition with low 
iron oxide content or the presence of organic matter, a characteristic frequently 
mentioned in recent studies on Sahelian clays [29]. 

The collected material (Figure 2, right) forms cohesive clumps rather than 
friable or sandy aggregates, a field level indication of the workability subsequently  
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Figure 2. Artisanal clay extraction site in Zimado II: open excavation pit with visible clay-
rich horizon and raw brick units in the background. 

 
quantified through the Atterberg limit tests. Three samples ZC1, ZC2 and ZC3 
were collected from the same horizon at approximately 30 - 50 m spacing 
within the Zimado II neighborhood, centred on the respective site coordinates 
(11˚39'33.98"N, 15˚04'40.19"E; 11˚39'34.70"N, 15˚04'38.60"N; 11˚39'35.64"E, 
15˚04'40.08"N). This sampling strategy was designed to capture the compositional 
variability of the accessible horizon while remaining within the boundaries of the 
active extraction zone, it does not constitute a systematic spatial survey of the full 
deposit extend, and the results should therefore be interpreted as representative 
of this specific profile rather than of the lateral and vertical variability of the 
Zimado clay deposit. Field reconnaissance allowed a preliminary appraisal of the 
spatial extent of the deposit. The clay bearing horizon currently exploited in the 
Zimado II neighborhood extends over an estimated area exceeding 50,000 m2, as 
delineated by the boundaries of ongoing and historical artisanal extraction pits. 
Within the open excavation faces (Figure 2), the clay unit is exposed to a mini-
mum thickness of 80 cm, without its base having been reached, since the pits are 
dug only to the depth required for artisanal brick production. On this basis, a 
conservative, order of magnitude volume of approximately 40,000 m3 can be in-
ferred for the currently identified extent of the deposit. This figure should be re-
garded as a lower bound, field-based estimate rather than a quantified reserve as-
sessment: it does not account for any additional thickness below the exposed pit 
floor, nor for clay bearing horizons that may extend beyond the area currently 
under artisan exploitation. These preliminary finding suggest a deposit of suffi-
cient extent to warrant further investigation for potential semi-industrial or in-
dustrial-scale exploitation. 

The samples collected from the site were subjected to physical testing (particle 
size analysis, Atterberg limits and absolute density), physicochemical and miner-
alogical analysis. 

2.3. Analytical and Experimental Methods 

Analyses including physical analysis, X-Ray diffraction (XRD), Fourier transform 
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infrared spectroscopy (FTIR) and X-ray fluorescence spectroscopy (XRF) were 
carried out on the selected Zimado clay samples. 

2.3.1. Physical Analyses 
Physical analyses were performed on the samples in the Laboratory of Structure, 
Mechanics and Materials of the National Advanced School of Public Works in 
Yaoundé, Cameroon. 

Particle size distribution was studied using a combined method involving sedi-
mentation according to Stokes’ law for the fine fraction (<80 μm) and dry sieving 
after washing for the coarse fraction (≥80 µm), in accordance with the respective 
standards NF P 94-057 and NF P 94-056. These analyses provide comprehensive 
particle size data that are essential for soil classification and for understanding the 
thermal behavior of clay. 

The NF P 94-051 standard describes the methods for determining the Atterberg 
limits, such as the liquid limit (LL), the plastic limit (PL) and the plasticity index 
(PI). This analysis was carried out on the fine fraction (<400 μm) of the three 
samples in order to assess the consistency and plasticity, which enable evaluation 
of workability of clay materials in the presence of water to evaluate workability 
and anticipate volumetric behavior (shrinkage or swelling phenomena), in order 
to predict the dimensional stability of clays subjected to heat treatment. The NF P 
94-054 standard method was used to determine the absolute density of the Zimado 
clays. This method involves measuring the particles volume, thereby eliminating 
the effects of voids and intergranular air. 

2.3.2. Geochemistry Study by X-Ray Fluorescence Spectroscopy (XRF) 
The chemical composition of Zimado clay was analyzed using X-ray fluorescence 
(XRF) spectroscopy. The experiment was carried out using a Philips PW 1404 dis-
persion spectrometer, located in the cement company laboratory (CIMENCAM, 
Figuil, Cameroon), which is affiliated with the Lafarge Group. This spectrometer 
enables the precise detection and quantification of oxides of the major elements 
in the clay when it is irradiated by an X-ray beam. The major oxides thus observed 
are expressed as a percentage by mass. The analytical results obtained are used to 
assess the clay’s thermal expansion properties using the ternary classification dia-
gram proposed by Riley. 

2.3.3. Mineralogical Structure by X-Ray Diffraction (XRD) Analysis 
Mineralogical characterization was performed using X-ray diffraction (XRD). 
Measurements were carried out on finely ground sample powders using a Bruker 
diffractometer (D8 Focus at 40 kV and 150 mA), generating Cu Kα radiation with 
characteristic wavelengths of λ1 = 1.5406 Å and λ2 = 1.5418 Å. The samples were 
analyzed in the 2θ angular range between 2˚ and 50˚, with a step size of 0.02˚ and 
a counting time of two seconds per step. The resulting diffractograms were used 
to identify the crystalline phases by comparison with reference patterns from the 
International Centre for Diffraction Data (ICDD). The identified mineral phases 
were then correlated with the chemical composition to provide a comprehensive 
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picture of the physicochemical nature of the clay. 

2.3.4. Fourier Transform Infrared (FT-IR) Spectroscopy 
The chemical bonds and surface functional groups present in Zimado clay were 
identified using Fourier-transform infrared spectroscopy (FTIR). The instrument 
used was a Bruker ALPHA spectrometer. The infrared spectra were recorded in 
the spectral range from 250 to 4000 cm−1 with a spectral resolution of 4 cm−1. The 
absorption bands thus obtained were systematically attributed to specific vibra-
tional modes and interpreted in relation to the mineralogical phases previously 
identified by XRD analysis, thereby providing additional information on the mo-
lecular-scale structure of the clay. 

2.3.5. Integrated Characterization Approach 
All these analyses aim to verify the potential compliance of the material with the 
normative requirements applicable to structural lightweight aggregates, particu-
larly concerning mechanical strength, density, and durability. This integrated ap-
proach, combining physical, mineralogical, and geochemical analyses, aligns with 
current recommendations for the sustainable valorization of local resources in 
construction materials. Thus, the adopted methodology does not merely consti-
tute a preliminary technical step; it represents the essential scientific foundation 
for considering the transformation of Zimado clay into a high-performance light-
weight aggregate, adapted to contemporary structural and environmental con-
straints. 

3. Results 
3.1. Geotechnical Results 

The results of the Atterberg limit test are presented in Table 1. The liquid limit 
(LL) ranged from 42.09% to 50.96% while the plastic limit (PL) ranged from 
26.41% to 29.03%. The plasticity index (PI) values were 17.75%, 15.68% and 
23.12% for samples ZC1, ZC2 and ZC3 respectively. These liquid limit values in-
dicate that these clays required a moderate water content to transition from a plas-
tic to liquid state [30]. According to the diagram of Holtz and Kovacs (1981) [31] 
presented in Figure 3, all three samples classify as medium-plastic clay. ZC1 and 
ZC2 plot well within this range, whereas ZC3, owing to its higher plasticity index 
(23.12%), lies close to the boundary with the highly plastic domain. More notably, 
the three samples plot within the transition zone between the kaolinite and illite 
bands, providing an independent, plasticity-based confirmation of the kaolinite 
and illite mineral assemblage identified par XRD and FTIR. None of the samples 
approach the montmorillonite domain, consistent with the absence of any swell-
ing clay phase in the XRD pattern. This medium-plasticity, kaolinite-illite domi-
nated behavior supports adequate workability for granule forming while limiting 
the risk of excessive shrinkage during drying and firing. 

The absolute particle density of the raw Zimado clays, measured by the pyc-
nometer method ranges from 2.400 g/cm3 to 2.421 g/cm3, with an average value  
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Table 1. Physical properties of studied clays samples from Zimado. 

 
Studied clay samples 

ZC 1 ZC2 ZC3 average Std. Dev 

 Atterberg limit and water content (%) 

Liquid limit (LL) 46.78 42.09 50.98 46.61 4.45 

Plastic limit (PL) 29.03 26.41 27.86 27.77 1.31 

Plastic Index (IP) 17.75 15.68 23.12 18.85 3.84 

Water content 9.85 6.45 9.50 8.6 1.87 

Absolute density (g/cm3) 2.421 2.400 2.406 2.409 0.011 

 Particle size distribution (%) 

Clay: (<0.002 mm) 25.42 24.57 24.53 24.84 0.50 

Silt: (0.002 - 0.02 mm) 40.60 41.86 41.78 41.41 0.71 

Sand (0.02 - 2 mm) 33.92 33.45 33.56 33.64 0.25 

Gravel (>2 mm) 0.06 0.12 0.13 0.10 0.04 

 

 
Figure 3. Position of Zimado clay samples (ZC1, ZC2 and ZC3) in the Diagram of Holtz 
and Kovacs. 

 
of 2.409 g/cm3. This average value is consistent with the absolute densities re-
ported for clays dominated by kaolinite and/or illite, which typically vary between 
2.4 and 2.7 g/cm3 [32] [33]. 

The Zimado clay samples were subjected to comprehensive particle size analysis 
to characterise the distribution of textural fractions, in accordance with estab-
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lished protocols for the granulometric characterisation of fine-grained soils [34]. 
Full results for the three samples, together with mean values and standard devia-
tions for each fraction, are reported in Table 1, following the presentation format 
conventionally adopted in fine particle size studies [35]. 

As shown in Figure 4, all three samples exhibited a cumulative passing fraction 
through the 80 µm sieve in excess of 95% (97.94% for ZC1, 95.35% for ZC2 and 
95.05% for ZC3), reflecting a predominantly fine-grained composition consistent 
with clayey and silty-clayey materials documented in Central Africa and the Lake 
Chad Basin [36] [37]. This fine and relatively uniform grain size is favorable for 
expanded aggregate production, as it promotes homogenous heat transfer and 
uniform gas generation throughout the pellet during firing, limiting the risk of 
localized, premature gas escape. 

 

 
Figure 4. Particle size distribution curves of Zimado clay samples (ZC1, ZC2, ZC3). 

 
Textural fraction analysis revealed a predominance of silt, accounting for a 

mean proportion of 41.41%, followed by sand (33.64%) and clay (24.84%). This 
distribution is characteristic of silty-clayey textures reported in several investiga-
tions of fine-grained soils from semi-arid and lacustrine environments [38] [39]. 
Notably, the silt-sized fraction largely composed of quartz and feldspar particles 
rather than clay mineral proper, as confirmed by XRD exceeds the clay fraction 
itself. This distinction does not detract from the material’s expansion potential, 
quartz contributes to the structural rigidity of the pellet during firing, while feld-
spar acts as the principal fluxing agent promoting vitrification. The fine-grained 
fraction as whole therefore plays a functional role in the expansion process along-
side the clay-mineral assemblage (kaolinite, illite) responsible for plasticity and 
internal gas generation. 

The low standard deviations observed across the three samples for each textural 
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fraction confirm the relative compositional homogeneity of the Zimado clay de-
posit, a feature analogous to the textural uniformity described in fine-grained la-
custrine and alluvial sedimentary systems [40] [41]. This homogeneity supports a 
consistent behavior during forming and firing, though it contrasts with the greater 
variability observed in plasticity index. 

3.2. Chemical Composition of the Sample by XRF 

The chemical composition of the Zimado clay was determined by X-ray fluores-
cence (XRF) spectrometry. The elemental analysis results, illustrated in Table 2, 
reveal a material predominantly composed of silica (SiO2 ranging from 63.058 to 
65.896 wt%) and alumina (Al2O3 ranging from 14.935 to 15.598 wt%), accompa-
nied by moderate proportions of iron oxide (Fe2O3 ranging from 2.699 to 2.863 
wt%), magnesium oxide (MgO ranging from 2.056 to 2.063 wt%), sodium oxide 
(Na2O ranging 2.220 to 2.478 wt%), potassium oxide (K2O ranging from 1.067 to 
2.081 wt%), calcium oxide (CaO ranging from 2.343 to 2.506 wt%), and titanium 
dioxide (TiO2 ranging from 1.080 to 1.089 wt%). Minor constituents including 
P2O5, SO3, and Mn2O3 were observed. Zimado’s high SiO2 and notable Al2O3, 
together with moderate Fe2O3 and flux oxides and minor P2O5, SO3, Mn2O3, closely 
mirror compositions reported for clay formations from Gaschiga [42], Sekandé 
[42], Boulgou [43], South Mindif [44], Makabaye [45] and Yagoua [45] [46], all  

 
Table 2. Chemical composition of studied clay samples from Zimado. 

 Studied clay samples 

 ZC1 ZC2 ZC3 

SiO2 63.058 65.896 63.225 

CaO 2.343 2.506 2.435 

Fe2O3 2.863 2.699 2.746 

Al2O3 15.386 15.598 14.935 

MgO 2.065 2.063 2.056 

K2O 2.081 1.067 2.033 

Na2O 2.435 2.22 2.478 

SO3 0.125 0.118 0.185 

Mn2O3 0.078 0.098 0.068 

ZnO 0.703 0.718 0.795 

P2O5 0.755 0.768 0.738 

TiO2 1.080 1.089 1.095 

LOI 7.027 5.159 7.210 

Total 99.999 99.999 99.999 

SiO2/Al2O3 4.098 4.225 4.233 

Flux (Fe2O3+ CaO+ MgO+ K2O+ Na2O) 11.787 10.555 11.748 
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characterized as aluminosilicate clays [44] [47]. 

3.3. Fourier-Transform Infrared (FTIR) Spectroscopy Analysis 

Fourier transform infrared spectroscopy (FTIR) analysis of the Zimado clay sam-
ples, recorded in the 4000 - 400 cm−1 range, reveals several characteristic absorp-
tion band typica of clay mineral like OH and Si – O/Al – O that confirm the pre-
dominantly aluminosilicate nature of the samples, in agreement with the oxide 
composition results obtained by X-ray fluorescence (XRF) [48] [49]. The corre-
sponding spectra are presented in Figure 5. 
• O-H Stretching Vibration Region (3200 - 3600 cm−1) 

The broad band centered at ~3343 cm−1 corresponds to O-H stretching of struc-
tural hydroxyl groups (Si-OH, Al-OH) in kaolinite and adsorbed water [50] [51], 
consistent with the Al2O3 content and LOI determined by XRF. Both kaolinite and 
illite contribute to this band, although the shared nature of this spectral region 
does not allow their individual contribution to be resolved without deconvolution. 
Similar results have been reported for kaolinitic, and illitic clays from the Lake 
Chad Basin [37] [52] [53]. 

 

 
Figure 5. Diffuse reflectance infrared Fourier transform spectroscopy patterns of Zimado 
Clay. 
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• C-H Band: Organic Matter (~3000 - 2850 cm−1) 
The bands in the 3000 - 2850 cm−1 range (-CH3/-CH2-) confirm the presence of 

organic matter in the Zimado clay [54], consistent with part of the measured LOI. 
Its decomposition between 300˚C and 550˚C releases CO2/CO, contributing to the 
gas supply require for bloating [55] [56]. 
• Adsorbed water signature (~1630 cm−1) 

The band at ~1630 cm−1 reflects H-O-H deformation of water adsorbed on the 
silica-alumina surface [57] [58], consistent with the high SiO2 contents measured 
by XRF [59] [60]. 
• Carbonate region (~1450 cm−1) 

The moderate intensity bands near 1450 cm−1 indicates trace carbonates 
( 2

3CO − ) [61], consistent with the low CaO content from XRF and the absence of a 
strong calcite band near 875 cm−1 [62]. 

• Dominant Silicate Network Band (~1035 cm−1 and 890 cm−1) 
The intense band at ~1035 cm−1 (Si-O asymmetric stretching) [63], and the 

weaker band at 890 cm−1 (Si-O-Si symmetric stretching) [64], form the dominant 
silicate signature, in line with the high SiO2 content from XFR. 
• Low-Frequency Region (~426 cm−1) 

The band near ~ 426 cm−1 fall in a region associated with metal-oxygen and Si-
O/Al-O deformation modes [65]. 

3.4. Mineralogical Composition by X-Ray Diffraction Analysis 

X-ray diffraction (XRD) analysis of the Zimado clay samples, recorded between 
5˚ to 50˚ (2θ), is illustrated in Figure 6. A semi-quantitative ordering of mineral 
phase abundance, based on relative peak heigh across the three diffractograms, is 
provided directly in Figure 6. Quartz is identified as the clearly dominant phase,  

 

 
Figure 6. XRD spectrum of Zimado clay. 
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followed by kaolinite as the main clay mineral constituent. Illite is present as a 
minor to intermediate accessory phase, while goethite, feldspar, calcite and hem-
atite all occur in subordinate proportions. This ordering is based on visual peak 
height comparison rather than Rietveld refinement analysis, this assemblage is 
characteristic of sedimentary clays from the Lake Chad Basin [53] [66]. 
• Quartz 

Quartz constitutes the dominant mineral phase of the Zimado clay samples, 
attested by the most intense diffraction peak in the diffractogram, located at 2θ ≈ 
26.6˚, corresponding to the characteristic (101) reflection of this phase (JCPDS 
file No. 46-1045) [67]. Several secondary peaks of lesser intensity are observed for 
all the samples, unambiguously confirming the identification of quartz as the ma-
jority phase. This predominance is fully consistent with the high SiO2 determined 
by XRF and with the intense Si-O (~1035 cm−1) and Si-O-Si (~890 cm−1) absorp-
tion bands identified by FTIR. Similar results have been reported for sedimentary 
clays from the Lake Chad region [68]. 
• Kaolinite 

The basal peaks of the samples observed at 2θ ≈ 12.3˚ correspond to the (001) 
reflection characteristic of kaolinite, confirming the presence of this clay mineral 
as a major phase. The secondary reflection at 24.89˚ (002) reinforces this attribu-
tion, although it partially overlaps with a hematite reflection in the same angular 
range, as indicated Figure 6 [69] [70]. The moderate intensity of the basal peak 
indicates kaolinite of medium crystallinity, consistent with a detrital origin and 
post-depositional alteration during fluvial transport describe in Section 2.1.3, ra-
ther than a hydrothermal mode of formation. The significant presence of kaolinite 
is consistent with the Al2O3 content determined by XRF as well as with the O-H 
band observed in FTIR (~3400 cm−1), attributed to structural hydroxyl groups. 
The presence of kaolinite is technologically significant because its dehydroxyla-
tion between 450 and 600˚C, leading to the formation of metakaolinite, generates 
structural water capable of contributing to internal gas pressure during firing, thus 
participating in the bloating mechanism [55]. 
• Illite 

A low intensity reflection at 2θ ≈ 9.1˚ correspond to the (001) basal spacing 
illite, confirming its presence as a minor accessory phase alongside kaolinite [71]. 
A harmonic reflection near 2θ ≈ 17.7˚ was not unambiguously resolved, likely due 
to the low illite content and overlap with other phases. The low intensity of this 
peak, relative to the kaolinite and quartz reflections, indicates that illite occurs in 
subordinate proportion within the clay mineral assemblage. This is consistent 
with O-H band observed in FTIR (~3343 cm−1), to which both kaolinite and illite 
contribute. 
• Feldspars 

The reflection at 2θ ≈ 28.3˚ distinct from the dominant quartz peak at 26.6˚ by 
its lower intensity and slightly different d-spacing, is consistent with K-feldspar, 
specifically microcline [72]. However, the Na2O content measured by XRF (2.22 - 
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2.48 wt%, comparable to K2O in ZC1 and ZC3) raises the possibility of co-occur-
ring plagioclase feldspar, whose diagnostic reflections overlap significantly with 
those of K-feldspar in this angular range and cannot be distinguished without sin-
gle-crystal diffraction or electron microprobe analysis. The feldspar attribution is 
therefore retained as a mixed K-feldspar/plagioclase assignment. Both phases act 
as fluxing agents during firing, promoting the formation of a vitreous phase [73]. 
• ferruginous phases 

A reflection near 21.2˚ is tentatively attributed to the goethite according to the 
files (JCPDS: 00-003-0249) [74], although it partial overlaps with a secondary 
quartz reflection at ~20.8˚ and the relatively low Fe2O3 content (2.70 - 2.86 wt%) 
make unambiguous identification without peak profile fitting difficult. This at-
tribution is supported by the presence of Fe2O3 in XRF, but should be regarded as 
possible rather than confirmed pending higher resolution XRD. Goethite is a 
common ferruginous phase in lateritic or slightly weathered clays. During heating, 
it transforms into hematite (Fe2O3), thereby contributing to the vitrification prop-
erties and the red coloration of the material. Hematite is not directly identified as 
a discrete phase at room temperature in the diffractograms; its presence is inferred 
from the K/H label assigned to the reflection near 2θ ≈ 24.89˚, where it partially 
overlaps with the kaolinite (002) reflection, and from the Fe2O₃ content measured 
by XRF. Its occurrence at room temperature is therefore considered tentative; it 
may represent a secondary oxidation product of goethite formed during sample dry-
ing and preparation. During thermal treatment, the goethite-to-hematite transfor-
mation (250˚C - 400˚C) is expected to produce the discrete hematite phase re-
sponsible for the characteristic red coloration of fired clay products. 
• Possible Traces of Calcite 

A low-intensity reflection near 2θ ≈ 29.5˚, consistent with the characteristic 
(104) reflection of calcite (JCPDS 05-0586), suggests the presence of trace car-
bonate. The low intensity of this peak and the low CaO content measured by XRF 
(2.34 - 2.51 wt%) confirm that calcite constitutes a minor secondary phase only. 
This attribution is further supported by the low-intensity 2

3CO −  absorption band 
at ~1450 cm−1 in FTIR and is consistent with the moderate LOI, indicating a lim-
ited carbonate contribution to total mass loss. 

4. Discussion 
4.1. Physical Parameter 

Producing expanded clay requires sufficient plasticity to form cohesive granule 
capable of retaining interstitial water, which generates the internal gases driving 
expansion during firing [75] [76]. The plasticity index measured for Zimado clay 
(15.68% - 23.12%, Table 1) falls withing the medium-plasticity range reported for 
clay successfully processed into LECA without additives [77], indicating adequate 
workability and granule cohesion for the forming stage while remaining moderate 
enough to limit shrinkage cracking during firing. As emphasized in recent re-
views, the plasticity and density of the raw material ultimately condition the ex-
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pansion, porosity and mechanical performance of the fired aggregate [78]. 

4.2. Physicochemical and Mineralogical Analysis 
4.2.1. Assessment of Thermal Expansion Potential Based on Chemical 

Composition: Riley Criteria 
The suitability of Zimado clay for the production of expanded lightweight aggre-
gates was evaluated using two complementary approaches widely employed in the 
literature: the individual criteria proposed by Riley (1951) [12] and the synthetic 
Expansion Index R = SiO2/Flux. 
• Riley’s Individual Criteria (1951) 

The chemical composition of Zimado clay was assessed against Riley’s (1951) 
criteria with results presented in Table 3 and Figure 7. On the SiO2-Al2O3 plane 
(Figure 7, left), all three samples plot well within the bloating zone, a robust result 
that holds across the deposit. On the SiO2-Flux plane (Figure 7, right), however, 
all three samples fall below the lower boundary of the bloating zone, confirming 
a systematic deficit in fluxing oxides. The deficit is not uniform: ZC1 and ZC3 fall 
approximately 1.2 wt% below the 13% threshold, while ZC2 the most flux-defi-
cient sample falls 2.4 wt% short. 

 

 
Figure 7. Zimado clay plotted on Riley’s (1951) Bloating diagram. 

 
This insufficiency in fluxing oxides suggests that, under standard firing condi-

tions, the pyroplastic melt may exhibit excessively high viscosity, limiting the en-
trapment of gases generated by organic matter combustion and carbonates decar-
bonation a central mechanism in the bloating process described by some authors 
[55] [79]. It should be noted, however, that both deficits are narrow and concern 
a single parameter, the SiO2-Al2O3 balance is already favorable, meaning flux cor-
rection would not require reformulating the bulk composition but only supple-
menting the existing assemblage. In practice, an addition somewhat above the cal-
culated minimum in the order of 2 - 3 wt% would provide a reasonable safety 
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margin against compositional heterogeneity within the deposit, rather than posi-
tioning the corrected material exactly at the lower boundary of the bloating zone. 
The precise addition required for Zimado clay remains to be determined experi-
mentally through firing trials. 
• Expansion Index R = SiO2/Flux 

The Riley’s individual criteria can be complemented by a single expansion in-
dex R, defined as the ratio of silica to the sum of fluxing oxides (Table 3). 

 2SiO
Flux

R =  

This index reflects the balance between the network-forming component (SiO2, 
which governs melt viscosity) and the network-modifying components (fluxing 
oxides, which collectively control fluidity and structural stability at high temper-
atures) [21] [80]. For the Zimado clay samples R ranges from 5.35 to 6.24, well 
below the upper threshold of 9 reported as favorable for bloating [81]. This indi-
cates that despite the marginal deficit in fluxing oxides in absolute terms (Table 
3), the overall compositional balance between silica and network modifiers re-
mains favorable for thermal expansion. 

Taken together, the absolute Riley criteria indicate that the Zimado clay satisfies 
two of three compositional requirements, with a narrow, single parameter deficit in 
flux content, while the silica to flux ration remain within a range generally associated 
with favorable bloating behavior. On this basis, Zimado clay is classified as compo-
sitionally borderline-favorable for bloating, with the absolute flux deficit identified 
as the primary corrective target. This classification should be regarded as a working 
hypothesis requiring confirmation through experimental firing trials, insofar as Ri-
ley’s criteria and the derived expansion index constitute preliminary screening tools 
that cannot substitute for direct empirical demonstration of bloating behavior. 

 
Table 3. Assessment of the thermal expansion potential of Zimado clay according to the chemical criteria of Riley (1951). 

Chemical composition 
Studied clay samples 

ZC1 ZC2 ZC3 Required criteria status 

SiO2 63.058 65.896 63.225 53 - 79 satisfied 

Al2O3 15.386 15.598 14.935 10 - 25 satisfied 

Flux (Fe2O3 + CaO + MgO + K2O + Na2O) 11.787 10.555 11.748 13 - 26 Bellow lower limit 

SiO2/Al2O3 4.098 4.225 4.233  
Aluminosilicate-

dominated matrix 

Expansion index R = SiO2/Flux 5.350 6.243 5.382 <9 satisfied 

4.2.2. XRD-XRF-FTIR Correlation 
The both analytical techniques converge towards a coherent interpretation of the 
material’s nature: 
• XRD-XRF Correlation 

The high SiO2 content measured by XRF is confirmed by the dominant intensity 
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of the quartz peak in XRD. The presence of kaolinite is consistent with the signif-
icant Al2O3 content. The alkali oxides (Na2O, K2O) detected by XRF correspond 
to the presence of feldspars. The Fe2O3 content is compatible with the presence of 
goethite and hematite detected by XRD. 

The overall chemical composition is consistent with the mineralogical analysis. 
• XRD-FTIR Correlation 

The hydroxyl groups observed in FTIR (~3400 cm−1) confirm the presence of 
kaolinite identified by XRD. The intense Si-O-Si band (~1035 cm−1) corresponds 
to the silicate network of quartz and silicates. The weak carbonate band (~1450 
cm−1) is consistent with the possible traces of calcite detected by XRD. 

FTIR therefore provides functional and structural confirmation of the crystal-
line phases identified by XRD. 

4.3. Prediction of Zimado Clay’s Expansion Properties 

The complete dataset obtained from the physicochemical, physical and miner-
alogical characterization enables the evaluation of the Zimado clay with respect to 
its suitability for the production of expanded lightweight aggregates. This suita-
bility is assessed using a multi-criteria approach, and the results are presented in 
Table 4 [82]. The analyses of physicochemical composition, mineralogy and phys-
ical properties systematically complement one another, demonstrating a high level 
of internal consistency that strengthens the overall dataset. 

A fine granulometry (a dominant fraction below 80 µm exceeding 95%) and 
uniform particle size distribution promote initial compactness and homogeneity 
during shaping [83] [84], which is a prerequisite for uniform expansion. A mod-
erate plasticity index (Ip between 15% and 23%) reflects an optimal balance be-
tween cohesion and workability [84] [85], ensuring efficient forming without ex-
cessive cracking. 

Silica in the Zimado clay occurs in two forms: predominantly as crystalline 
quartz and as structurally bound silica within phyllosilicates such as kaolinite and 
illite [86] [87]. This dual occurrence is favourable for expansion, as quartz con-
tributes to the rigidity and stabilization of the skeletal structure of the clay pellets 
by remaining refractory at relatively low temperatures [88] [89], whereas phyllo-
silicates participate in the formation of a vitreous phase from approximately 
950˚C [89]. Alumina associated with phyllosilicates ensures partial refractoriness 
and prevents structural collapse of the pellets during expansion. 

Loss on ignition (LOI) is a key parameter in the production of expanded aggre-
gates. Based on the obtained data, it can be decomposed into three contributions: 
1) dehydroxylation of kaolinite as the primary contribution [90], 2) combustion 
of organic matter as the secondary contribution (confirmed by C-H bands) [91], 
and 3) minor decarbonation of carbonates (confirmed by the presence of CaO and 

2
3CO −  absorption bands) [92]. These three sources of gas release, typically occur-

ring over successive and complementary temperature ranges, generate progressive 
internal pressure, which is an ideal condition for homogeneous expansion without 
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rupture of the vitreous shell [93] [94]. 
Feldspars act as the principal fluxing agents, lowering the onset temperature of 

vitrification (850˚C - 900˚C) [95]. In the absence of fluxes, a vitreous phase would 
not form, allowing gases to escape freely. The goethite present transforms into 
hematite between approximately 250˚C and 400˚C, releasing structural water 
[96]. During the vitrification stage, Fe3+ may be reduced to Fe2+, generating addi-
tional oxygen. The presence of Fe2O3 is therefore favourable for expansion, as it 
plays a dual role as both a secondary flux and a gas-generating agent [97]. 

Proposed thermal transformation model 
Based on XRD, FTIR and XRF data, the following sequence represents a pre-

dicted firing behavior inferred from room-temperature analytical data. Each step 
requires validation through TGA/DTA/DSC and firing trials before it can be 
treated as an established result. 

Step 1 (ambient to 300˚C): Removal of adsorbed water (FTIR band at ~1630 
cm−1) and interlayer water from possible illitic phases. The clay pellets are pre-
dicted to undergo initial shrinkage and consolidation, with no expansion is ex-
pected at this stage. 

Step 2 (300˚C - 550˚C): Combustion of organic matter (C-H bands at 2850 - 
3000 cm−1) is expected to release of CO2 and CO. Within the same temperature 
range, the tentatively identified goethite is predicted to transforms into haematite 
with the release of structural water. As this stage, gases are not expected to be 
trapped, as no vitreous phase is predicted to have formed yet. 

Step 3 (450˚C - 650˚C): Dehydroxylation of kaolinite, consistent with XRD 
and FTIR data, is expected to lead to the formation of metakaolinite. This transi-
tion is predicted to be critical, as metakaolinite is generally the most reactive in-
termediate phase and is expected to serve as a precursor for vitreous phase for-
mation at higher temperatures. 

Step 4 (850˚C - 1000˚C): Onset of vitrification through melting of alkaline 
fluxes (feldspars) is predicted to begin in this range. The emerging vitreous phase 
is expected to progressively seal the surface of the clay pellets, trapping residual 
gases. This step is predicted to mark the beginning of measurable expansion, 
though the precise onset temperature for Zimado clay remains to be determined 
experimentally. 

Step 5 (1000˚C - 1150˚C): Maximum expansion is predicted to occur in this 
range, corresponding to near-optimal melt viscosity. Residual and dissolved gases 
(CO2 from decarbonation and O2 from Fe3+ → Fe2+ reduction) are expected to in-
flate the internal structure. The SiO2/Al2O3 ratio (4.10 - 4.23) suggest a melt vis-
cosity that may be sufficiently fluid to deform while remaining viscous enough to 
prevent structural collapse. 

Step 6 (>1150˚C): Formation of mullite, which would contribute to the final 
mechanical strength of the aggregate, is expected at this stage. 

This proposed model provides a testable framework for future experimental 
work. Firing trials across the 900˚C - 1150˚C range, combined with TGA/DTA 
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and post-firing XRD, are required to confirm, refine, or revise each predicted step 
for this specific clay. Table 4 summarises the multi-criteria suitability assessment 
across the four parameter categories examined in this study. Of the twelve param-
eters assessed, eleven return a favorable or very favorable rating. Taken together, 
the physicochemical and mineralogical data support a preliminary classification 
of Zimado clay as compositionally favorable for lightweight aggregate production 
on most assessed parameters, with a marginal flux deficit. 

 
Table 4. Summary of correlations for the expansion term. 

Category Parameter Observed value Role in expansion assessment 

Chemical 
composition 

SiO2/Al2O3 ratio 4.098 - 4233 
Controls glass transition viscosity during 

firing 
Favorable 

Alkaline flux (K2O + 
Na2O) 

3.287 - 4.511 Reduces vitrification temperature Favorable 

Fe2O3 2.699 - 2.863 Secondary flux; releases O2 during firing Favorable 

CaO 2.343 - 2.506 
Minor CO2 source via calcite 

decomposition 
Favorable 

MgO ~2.06 Minor flux; Favorable 

Total flux 10.555 - 11.787 Below Riley’s 13% threshold 
Borderline. Correction 

addition required 

Mineralogy 

Kaolinite 
Detected by 
XRD/FTIR 

Dehydroxylation (450˚C - 600˚C) 
generates structural water and internal gas 

Very favorable 

Calcites traces 
Detected by 
XRD/FTIR 

CO2 release during firing Favorable 

Organic matter Detected by FTIR CO2/CO release early-stage expansion Favorable 

Physical 
properties 

Plasticity index (Ip) 15.68% - 23.12% 
Medium plasticity ensures uniform 

granule forming 
Favorable 

Compositional 
screening 

Riley’s diagram position 
2/3 criteria 

satisfied 
Overall compositional proximity to 

bloating zone 
Borderline – favorable 

Expansion index R 5.350 - 6.243 Well below upper threshold Favorable 

4.4. Limitations of the Study 

This work is subject to a certain limitation and we took into consideration when 
interpreting the results. First, the characterization is based on three samples col-
lected from a single site and taken at approximately the same depth (70 cm); it 
therefore reflects the properties of this specific profile rather than the full lateral 
and vertical variability of the Zimado clay deposit, and any inference regarding 
the extend of exploitable reserves should be treated as preliminary pending a 
broader sampling campaign. Second, the assessment of bloating potential relies 
entirely on indirect chemical and mineralogical screening criteria, Riley’s bloating 
diagram and the SiO2/flux expansion index. No firing trial was performed in this 
study; consequently, the six-stage thermal transformation sequence proposed in 
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section 4.3 constitutes a model inferred from analytical data rather than an exper-
imentally verified results, and the actual swelling behavior of Zimado clay remains 
to be confirmed by laboratory firing tests. Third, mineral phase identification by 
XRD was qualitative, without Rietveld refinement, the relative dominance of 
phases reported here therefore reflects peak intensity rather than quantified mass 
fraction, and the attribution of certain minor spectral features (notably the ZnO 
related FTIR band) should be regarded as tentative given their low concentration 
and overlap with major aluminosilicate band. Finally, loss on ignition was derived 
as a single bulk value from XRF rather than form a continuous thermogram, and 
no certified reference material was reported for XRF calibration. These limitations 
do not affect the validity of the characterization data presented, but the define the 
scope within which the conclusions on thermal expansion suitability should be read, 
and the delineate the experimental work, such as firing tests, TGA/DTA/DSC, and 
XRD quantified by the Rietveld method. 

5. Conclusions 

Zimado clay is here subjected, for the first time, to a comprehensive physicochem-
ical and mineralogical characterization using particle size analysis, Atterberg lim-
its XRF, XRD and FTIR, the full dataset presents a coherent: a silt-clay alumino-
silicate of intermediate plasticity, whit mineralogical assemblage dominated by 
kaolinite, quartz, feldspars, and ferruginous phases. 

Examination against Riley’s criteria reveals a key weakness: the flux oxide con-
tent (10.56 - 11.79 wt%), fall below the recommended minimum of 13 wt%, which 
may limit the fluidity of the glassy phase under standard firing conditions. Two of 
three original Riley criteria are satisfied, and the expansion index R (5.35 - 6.24) 
remains within the favorable range, placing Zimado clay in a compositionally bor-
derline-favorable position with a narrow, single-parameter deficit as the sole cor-
rective target. 

In terms of scientific contribution, this research expands the available database 
on sedimentary clays from the Lake Chad Basin and provides a first quantitative 
assessment of Zimado clay’s expansion potential. Three research direction war-
rant priority investigation. The first is experimental: firing tests should be carried 
out at temperatures ranging from 900˚C to 1150˚C in order to empirically verify 
bloating behavior. The second, a targeted flux correction strategy: while the 
Zimado clay satisfies two of Riley’s three criteria original compositional and pre-
sents a favorable silica-to flux ratio (R = 5.35 - 6.24), the marginal flux oxide deficit 
suggest a compensatory strategy, including flux addition (e.g., 1.2 - 2.4 wt% of 
Fe2O3 or feldspar). The third is analytical: a coupled DTA-TGA analysis to map 
the thermal transformation sequences and refine the firing parameters with a view 
to semi-industrial application. 
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