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Abstract 
The precise characterization of the mineralogical composition of complex 
mineral resources is a major economic challenge for the mining industry, en-
abling the optimization of deposit management. This study focuses on the 
characterization of phosphorites from the Kotchari deposit (Burkina Faso). 
The methodology combines high-resolution X-ray diffraction (XRD) on ESRF 
(European Synchrotron Radiation Facility), quantitative Rietveld simulation, 
and Pair Distribution Function. The results demonstrate that phosphorites are 
composed of hydroxylapatite, francolite (carbonate-fluorapatite), quartz, and 
illite. The use of synchrotron radiation offers significantly higher data quality, 
with increased resolution, a very low noise level, and a very short acquisition 
time. It enables large series of samples that can be characterized rapidly. The 
accuracy of Rietveld simulations has been validated by a strong correlation 
with chemical compositions obtained by X-ray fluorescence (XRF), although 
minor elements such as iron and fluorine are slightly underestimated due to 
their distribution within existing mineral structures. It demonstrates that 
Rietveld simulation of synchrotron data allows for the reliable and rapid de-
termination of the mineralogical composition of complex mineral resources. 
This method proves to be a powerful tool for ore quality control, acquisition 
of three-dimensional data, and decision support in large-scale mining opera-
tions. 
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1. Introduction 

The need for innovation in the mining industry and the development of new so-
lutions for material characterization has been the subject of numerous recent pub-
lications [1] [2]. Among the main themes explored are advanced X-ray Diffraction 
(XRD) and Rietveld simulation methodologies [3]. In particular, the Rietveld 
method enables quantitative mineralogical analysis (QPA) [4]. These publications 
also explore the development of software and algorithms, including open-source 
solutions such as Profex, MAUD, EXPO, and Dara, which are able to automate 
phase identification and quantification [5]. 

The development of mineral resources is a major economic challenge for which 
quantitative XRD methods are essential. The characterization of complex ores al-
lows for precise analyses of deposits, enabling three-dimensional mapping of these 
resources and predicting the behavior of minerals during physicochemical pro-
cessing [6]-[8]. 

The Rietveld simulation method offers significant advantages over conven-
tional quantitative X-ray diffraction (XRD) analysis methods, making it an effec-
tive tool for mineral powder analysis. This method utilizes the entire diffraction 
pattern (whole-pattern fitting) [9] and therefore all uses intensity data from the dif-
fraction profile. This allows for the efficient analysis of peak overlaps, which are fre-
quently observed with complex mineral mixtures. Phase quantification is improved 
by utilizing all reflections, and therefore uncertainty in mass fractions is minimized. 
Structural disorders, such as that seen in clay minerals, can also be considered. For 
the detection of minor phases, simulating the entire spectrum allows for the im-
provement of the quantification of the minority phases. The Rietveld method can 
also model and correct physical problems related to powder samples, including 
preferred orientations and instrumental errors, such as sample positioning and 
zero-point offset. 

Beyond simply quantifying phases, the method allows for the extraction of 
structural and physical parameters. Precise values for lattice parameters and mi-
cro-stresses are also obtained, and it is possible to refine atomic positions, site 
occupancy, and crystallite sizes. 

One of the practical advantages of the Rietveld method is that it does not require 
a calibration curve to quantify crystalline phases with known structures, since the 
reference quantities are calculated theoretically during the analysis. It saves time 
and resources by eliminating the need to prepare standard mixtures. By adding an 
internal standard of known quantities, the method can also determine the total 
fraction of amorphous phase in a sample. 

In this study, we used the BGMN software that determines fundamental param-
eters (FPA) in its Rietveld simulation method [10]. This is essentially a physical 
model of the diffraction profile rather than a purely empirical approach. This ap-
proach simulates the instrumental contribution to peak shape based on a detailed 
description of the diffractometer configuration. The simulation uses the physical 
characteristics of the measuring instrument to calculate the instrumental profiles 
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as a function of 2θ values. BGMN adds a sample-related function to the peak shape 
function. This function is modeled by several components, including crystallite 
size and microstresses. 

In summary, BGMN does not simply fit mathematical functions of the observed 
peaks; it mathematically reconstructs the physical aspects of the X-ray path to en-
sure that the parameter values (such as grain size or phase fractions) correspond 
to the material reality of the sample. 

BGMN uses a specific programming language, and it is best to use the Profex 
graphical interface [11] to control the BGMN Rietveld refinement kernel. In par-
ticular, Profex allows the identification and quantification of minerals present in 
a sample and the determination of their mass proportions. It also allows the char-
acterization of minerals with a high structural disorder, such as clays, and enables 
the calculation of the amorphous phase fraction. Profex includes modules for 
searching and identifying phases from crystal structure databases (Crystallography 
Open Database; COD) [12]. 

It was demonstrated that it is possible to use Profex to obtain the mineralogical 
composition of rocks. The literature documents the use of Profex on a wide variety 
of rock formations, including sedimentary rocks and complex ores [13]. Profex is 
also used for the characterization of widely used industrial products, such as ce-
ments and geomaterials [14]. 

X-ray diffraction was complemented by the characterization of the Pair Distri-
bution Function (PDF) [15], also called G(r). It is the probability of finding pairs 
of atoms separated by a distance r. G(r), which is obtained experimentally by a 
Fourier transform of the total diffusion diagram of the powder, according to equa-
tion (1). 

 ( ) ( ) ( ) ( )0
0

24π   1 sin drG r r Q S Q Q Qρ ρ
π

∞

= − = −      ∫  (1) 

where ρ(r) is the microscopic atomic pair density, ρ0 is the average atomic density, 
S(Q) is the total scattering structure function, and Q is the momentum transfer 
(Q = 4πsin(θ)/λ). To obtain a very high-quality PDF diagram, the recorded Q range 
must be wide. This is why the use of short-wavelength X-rays and high 2θ diffraction 
angles is necessary. The total scattering data interpreted by the PDF methodology 
provides quantitative information regarding the phase types and atomic environ-
ments [16]. 

The European Synchrotron Radiation Facility (ESRF) [17] in Grenoble, France, 
is a powerful light source for characterizing the structure and behavior of matter. 
Its synchrotron beamlines offer extensive material characterization capabilities, 
enabling it to address research challenges at every stage of the innovation process. 

We used the ID31 beamline, which is dedicated to the study of interfaces and 
materials processing using high-energy X-rays [18]. It offers a range of high-en-
ergy X-ray characterization techniques (75 keV), enabling high-resolution char-
acterizations. The ID31 beamline also allows for measurements by reflectivity 
(XRR), for wide-angle and small-angle diffraction (WAXS and SAXS), and com-
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bined with techniques such as imaging. The beamline’s optical design allows for 
rapid modification of beam properties, such as photon energy, bandwidth, and 
focus. It also allows for the installation of specific experimental setups. 

For this study, we characterized phosphate rocks from a major deposit in east-
ern Burkina Faso. It is the Kotchari phosphorite deposit [19] that is one of the 
main mining sites in this geographical area. Kotchari is located 70 km northeast 
of the town of Arly and approximately 40 km south of the city of Diapaga, as pre-
viously mentioned and shown on maps [20]. The deposits have estimated reserves 
exceeding 100 million tons. The samples studied were taken from three different 
areas of the local deposits. 

As for many phosphorite deposits, they are complex mixtures of different 
minerals. In general, the mineralogical and chemical composition of phosphate 
rocks varies considerably depending on their formation process. Our objective is to 
demonstrate the feasibility of performing efficient quantitative mineralogical anal-
yses of these complex natural mineral mixtures using high-resolution X-ray dif-
fraction. This method is very rapid and allows for the analysis of a large number 
of rock samples. 

Knowing the phosphate mineral content before and during mining operations 
allows for quality control of the extracted ore. It ensures that the extracted ore 
meets the required specifications for essential mineral content, while minimizing 
dilution with waste material. It maximizes the profitability of the mining opera-
tion by reducing processing and extraction costs. 

2. Experimental 

In the mining area, three areas of sampling were identified and samples K31, K32 
and K33 were obtained. To ensure if samples have a good spatial representation of 
the mining areas, we followed common recommendations. Several samples were 
collected and homogeneously mixed from areas up to 25 meters in size. 

The extracted samples were prepared according to several steps: -drying at 
80˚C; -crushing to one millimeter of rocks with dimensions on the order of one 
centimeter; -grinding to 10 µm with an alumina ball mill; -sieving to less than 50 
µm. 

The characterizations after preparation are as follows: -residual moisture deter-
mined by drying at 105˚C for 24 h; -loss of ignition (LOI) determined by heating 
the powders to 1100˚C in an alumina crucible. 

Chemical analyses were performed using an X-ray fluorescence spectrometer 
(XRF Malvern, PANalytical, Zetium). One g of phosphate powder was dry mixed 
with 10 g of lithium tetraborate and melted at 1065˚C in a platinum crucible to 
form transparent glass discs suitable for measurements. 

High-resolution synchrotron X-ray diffraction and total scattering measure-
ments were performed on the beamline ID31 at ESRF (European Synchrotron Ra-
diation Facility) [21] [22]. Sample powders were placed inside cylindrical win-
dows held between Kapton discs in a movable sample holder. Each sample was 

https://doi.org/10.4236/ampc.2026.168017


J. B. Zoungrana et al. 
 

 

DOI: 10.4236/ampc.2026.168017 296 Advances in Materials Physics and Chemistry 
 

characterized by transmission (Debye-Sherrer) with an incident X-ray energy of 
75.051 keV (λ = 0.16520 Å). The measured intensities were collected using a Pila-
tus detector. A CdTe detector (1679 × 1475 pixels, 172 × 172 μm2 each) was posi-
tioned so that the incident beam was in a corner of the detector. For high-resolu-
tion diffraction experiments, the sample-to-detector distance was 1.5 m and de-
creased to 0.3 m for total scatter measurements. The background noise from the 
empty windows was measured and subtracted. The NIST SRM 660b (LaB6) stand-
ard was used for geometry calibration with the pyFAI software, followed by image 
integration, including flat field, geometry, solid angles, and polarization correc-
tions. 

Rietveld simulations of high-resolution powder X-ray diffraction (XRD) data 
use the Profex software. Profex enables phase identification and quantification, as 
well as structure refinement, and offers numerous functionalities  
(https://www.profex-xrd.org/). Acquisition specifications are: λ = 0.16520 Å, con-
sidered monochromatic; a sample-to-sensor distance of 1.5 m; and detailed detec-
tor characteristics. Phase identification was performed using the wide database 
COD. High-resolution X-ray diffraction (XRPD) data were corrected to remove 
the very low background noise. 

Total diffusion (PDF) data were automatically processed by the PDFgetX3 soft-
ware for different values of Qmax [23]. The data were then reprocessed using a 
Lorch modification function to remove termination effects and high-frequency 
noise contributions. The scattering intensities at small angles were extrapolated 
from Qmin ∼0.3 Å−1 to 0, using the concentrations of the chemical elements. 

Total scattering spectra were simulated using the PDFGui software  
(https://www.diffpy.org/) [24]-[26]. It uses a user-friendly and intuitive graphical 
interface for the PDFfit2 simulation program. This software allows for the com-
plete fitting of the atomic Pair Distribution Function (PDF) profile from X-ray 
diffraction data and integrates graphical and structural visualization functionali-
ties. 

3. Results 

The moisture contents of the samples extracted from the Kotchari quarries are 
1.30 wt% ± 0.04, 1.33 wt% ± 0.04 and 1.22 wt% ± 0.04 for K31, K32, and K33 
samples. The low values indicate that the samples are naturally low in hygrosco-
picity. This also reveals a low clay mineral content and the absence of nano poros-
ity that could bind water. 

X-ray diffraction results of phosphorites K31, K32, and K33 after correction of 
the background are shown in Figures 1(a)-(c). For these results, experimental 
values obtained with the ID31 beamline below 0.7˚ 2θ and above 10˚ 2θ were re-
moved for the simulations. To evidence the quality of data from the synchrotron, 
a comparison of the X-ray diffraction spectra of K31, obtained with the ID31 
beamline and with a Brücker D8 (Cu kα), is shown in Figure 2, inside a limited 
distance range. A significant difference in quality is observed, with a reduction in 
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the background noise, a reduction in peak width, and a better peak separation, 
particularly for low-intensity peaks, while the measurement time is considerably 
reduced: 2 h with the Brücker D8 and approximately 3 s with the ESRF ID31 
beamline. It enables the characterization of numerous samples in a reduced time 
and at a lower cost. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 1. (a): ID31 beamline DRX pattern of K31 phopsphorite; (b): ID31 beamline DRX 
pattern of K32 phopsphorite; (c): ID31 beamline DRX pattern of K33 phopsphorite. 
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Figure 2. Pattern comparison of K31 phosphorite from ID31 synchrotron beamline (lower 
pattern), with a 3 s measurement time, and from D8 diffractometer (Brüker), with a 2 h 
measurement time. 

 
Phase identification was performed using the open-source software QualX [27] 

and the COD open database. QualX provides a list of the most probable crystalline 
phases, ranked by the Figure of Merit (FOM) criterion, which considers the posi-
tions and amplitudes of the peaks relative to a baseline whose position can be pa-
rameterized. The peak positions for each phase are shown in Figures 1(a)-(c), and 
the data references in the COD database are given in Table 1. In Table 2, we report 
the structural models and compositions of mineral phases that are used for calcu-
lations. We note that hydroxylapatite and francolite have the same space group 
that reduces the possibilities to refine the occupancy or substitution for each phase. 
Consequently, the typical formulas were used for the oxide backcalculation.  

Rietveld simulations of X-ray diffraction data were performed using BGMN 
software and the Profex v.5.0.1 graphical interface. To determine the peak shape, 
Profex -BGMN uses instrumental characteristics, namely the primary beam, the 
secondary beam (filtering and beam shaping), the spectral distribution of the X-
ray source, and the detector type. The peak profile is also obtained with the con-
tribution of the phases, i.e., the crystallite size and the extent of micro-strains. The 
instrumental parameters were fixed and remained unchanged during the Rietveld 
simulations, while the phase contribution was calculated. For baseline calculation, 
the degree of the polynomial was set to 11. Representative parameter limits for 
computation were either established in advance in structural models or adjusted 
to enhance the stability of the refinement and the convergence of the calculated 
parameters.  

Powder X-ray diffraction patterns were simulated between 0.7 and 10˚ 2θ (λ = 
0.16520 Å). Plots of simulations are in Figures 3-5 for K31, K32, and K33 samples. 
By applying the parameter limits given in the structural models, we calculated the 
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lattice parameters, phase fractions, and preferred orientations, taking into account 
microstrains and isotropic broadening of the lines. Non-structural parameters, 
including the zero-point, sample displacement, and diffraction pattern baseline, 
were calculated simultaneously. Typical values for the cation occupancy rates de-
fined in the models were used. For all samples, the quality of simulations was from 
Rwp and Rexp, and is reported in Table 1. 
 
Table 1. Mineralogical composition by Rietveld simulation (wt%). The COD references are 
CIF files obtained from the Crystallography Open Database (https://crystallography.net/). 

 Quartz 
Carbonate 

Fluorapatite 
Hydroxylapatite Illite Rwp-Rexp 

COD reference 9009666 9010505 9002213 9013732 - 

K31 (wt%) 25.69 31.30 34.00 9.01 7.76 - 5.75 

K32 (wt%) 19.25 33.41 43.02 4.32 7.87 - 6.28 

K33 (wt%) 21.00 34.00 38.00 7.00 7.56 - 5.95 

 
Table 2. Structural models and compositions used of mineral phases used in the refine-
ments. 

Name 
Space group nb.; 

Hermann Mauguin 
Formula 

Quartz; cod9009666 152; P3_121 O2_Si 

Fluorapatite; 
cod9010505 

176; P6_3/m C0.078_Ca5_F0.842_O12.402_P2.895 

Hydroxylapatite; 
cod9002213 

176; P6_3/m Ca5_H_O13_P3 

Illite; cod9013718 12; C12/m1 Al2_H2_K_O12_Si4 

 

 
Figure 3. Rietveld simulation of K31 phosphorite, in the range of 0.7˚ - 7˚ 2θ. 
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Figure 4. Rietveld simulation of K32 phosphorite, in the range of 0.7˚ - 7˚ 2θ. 

 

 
Figure 5. Rietveld simulation of K33 phosphorite, in the range of 0.7˚ - 7˚ 2θ. 

 
Figure 6 shows the experimental pair distribution function (PDF) obtained 

from synchrotron X-ray diffraction data. The first two peaks correspond to the 
closest distances for apatite and quartz. It is Si-O at 1.6067 Å and P-O at 1.587 Å 
in hydroxylapatite, and 1.5324, 1.5388, and 1.5273 Å in francolite. Note that there 
are a few oscillations preceding and above the Si-O peak, which are termination 
undulations due to the FFT calculation method, and resulting from the relatively 
high Q range (25 Å−1), as well as instrumental contributions. To improve data qual-
ity, we attempted to apply various error-minimizing procedures, such as smoothing 
the raw data, but not effectively improve results. The results presented here are 
therefore obtained from raw data, without preprocessing. 
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Figure 6. Distribution of interatomic distances for K31, K32, and K33 samples. 
Blue line: K31; red line: K32; brown line: K33. 

 
In Figure 7, the simulation of the structures was performed using the PDFfit 

software. Generally, the parameters that can be calculated with PDFfit are the scale, 
the instrument resolution, and the structural parameters, namely the width of the 
first peak due to correlated motion (δ), the lattice parameters, and the atomic po-
sitions. However, the occupancy factors cannot be effectively refined in such com-
plex mineral mixtures. To refine the model, we assigned the same displacement 
parameter to the different types of atoms. Finally, the atomic positions of the cal-
cium, phosphorus, silicon, and oxygen atoms were calculated. In general, the 
method yielded a relatively stable solution that was consistent with the Pair Dis-
tribution Functions (PDFs). 
 

 
Figure 7. Pdffit of the K31 phosphorite. Black line: experimental data; red line: 
simulation. The K31 pattern is very similar to K32 and K33 patterns. 

4. Discussion 

The rocks of Kotchari deposits consist of different phosphorite types associated 
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with siliceous minerals. X-ray diffraction (XRD) analysis of the rocks has shown 
the coexistence of apatite group minerals, mainly hydroxyapatite and francolite 
[28]. 

Francolite (Ca, Mg, Sr, Na )10(PO4, SO4, CO3)6F2-3 is a carbonate-rich fluorap-
atite with frequent Ca, PO4, and F substitutions at all sites [29]. It occurs within 
phosphorite layers and is primarily associated with hydroxyapatite. The relative 
abundance of francolite depends on the type of geological processes, their dura-
tion, and the nature of the local environment [30]. 

The coexistence of hydroxyapatite and francolite has already been recognized 
in numerous studies on phosphate rock deposits. It has been shown that hydrox-
yapatite was initially formed by a natural process, particularly in marine environ-
ments. This mineral gradually transforms into francolite through recrystallization 
and diffusion processes. This is accompanied by structural substitutions of PO4 
groups by CO2 and F, and it has been shown that the rate of substitutions is cor-
related with the degree of crystallinity of francolite. 

In Table 3, the chemical compositions are reported with Standard Deviations 
(SD). It evidences that XRF is the most accurate method, but Rietveld simulation 
provides a satisfying evaluation of the chemical compositions. 

Values obtained by XRF indicate that calcium oxide (CaO), phosphorus pent-
oxide (P2O5), and silicon dioxide (SiO2) are the major oxides. Their contents are 
correlated with the industrial use of these rocks, and the CaO/P2O5 weight ratio is 
a common criterion for deposit quality. For samples K31, K32, and K33, and from 
Rietveld simulation, the ratio is close to the average of 1.34, which is below the 
value of 1.58 for pure francolite and hydroxylapatite. From XRF, the values are 
more widely distributed, from 1.27, 1.34, and 1.42. The discrepancy is from the 
difference in Standard Deviations in Table 3. 

This relative decrease in CaO content is due to the presence of silica and minor 
minerals, such as illite. By comparison, most commercially available phosphates 
have a CaO/P2O5 ratio of up to 1.6. 

Table 3 also compares XRF analyses with oxide quantities calculated by quan-
titative Rietveld simulation, considering the chemical compositions of the identi-
fied minerals. The small differences in chemical element content highlight the ac-
curacy of the results, confirming the effectiveness of the Rietveld method. How-
ever, the method’s limitations also depend on the detection threshold, which is 
determined by the mineral type and its degree of crystallinity. For phosphate-type 
minerals, the calculated oxide contents are close to those obtained by XRF. In gen-
eral, while a slight discrepancy appears for all oxides, it is less pronounced for the 
major oxides SiO2, CaO, and P2O5. Nevertheless, the exact stoichiometry of the 
mineral phases is poorly known, especially for carbonate-fluorapatite (francolite) 
and hydroxylapatite. Information on structural characteristics of the mineral 
phases used in the Rietveld simulations is in Table 4. Grain sizes are also reported 
(nm), in the (111) direction. Whereas phases exhibit deviations from ideality, a 
more precise simulation could only be obtained after a separation method of min-
erals. 
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Table 3. Chemical composition and standard deviations of K31, K32, and K33 phospho-
rites, obtained by XRF and calculated from the mineralogical analyses from the Rietveld 
method.  

 Calculated (%) SD (%) XRF (%) SD (%) 
 K31 K32 K33  K31 K32 K33  

H2O 0.61 0.77 0.68 0.1 0.58 0.75 0.66 0.05 

CO2 0.21 0.23 0.23 0.1 0.22 0.21 0.24 0.05 

F 0.99 1.06 1.08 0.1 0.92 1.01 1.02 0.05 

Al2O3 2.36 1.13 1.83 0.3 2.49 1.02 1.88 0.1 

SiO2 31.25 21.92 25.32 0.5 31.37 20.48 24.96 0.2 

P2O5 27.14 31.82 29.93 0.5 27.98 33.69 29.01 0.2 

K2O 1.09 0.52 0.85 0.1 1.03 0.52 0.88 0.05 

CaO 36.35 42.55 40.08 0.5 35.43 42.32 41.36 0.2 

 
Table 4. Structural characteristics of the mineral phases used in the Rietveld simulations. 
All dimensions are in nm, and the grain sizes are in the (111) direction. 

ID  K31 K32 K33 

Quartz 

a 0.491405 0.491403 0.491373 

c 0.54055 0.54056 0.540495 

Size 366 320 445 

Hydroxylapatite 

a 0.93647 0.93661 0.93667 

c 0.6898 0.68965 0.68981 

Size 70.1 67.2 64 

Francolite 

a 0.93496 0.935 0.93512 

c 0.68899 0.68888 0.6889 

Size 91 86 83 

Illite 

a 0.515008 0.5227 0.515008 

b 0.88899 0.88899 0.88899 

c 1.01237 1.01237 1.03283 

beta 100.554 100.554 102.586 

Size 3 5 3 

 
Regarding the contents of minor oxides (Na2O, K2O, MgO, and Fe2O₃), the de-

tection limit of XRD is a limitation observed in these samples, and the relative 
accuracy of the contents is lower. One source of discrepancy is due to the ion dis-
tribution in the structures of the different minor minerals, with possible substitu-
tions in the crystal lattices. The discrepancy is also related to the amount of fluo-
rine, which, according to the results obtained, originates only from francolite. This 
is observed despite the unlikely possibility of over stoichiometry, since the com-
position of this mineral is relatively constant in different phosphorites. This re-
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sults from the formation process of francolites in solutions of relatively constant 
composition, i.e., in seawater [30]. 

For the Kotchari deposit, the Fluor content obtained by XRF is higher than that 
which was analyzed by Rietveld simulation, and no other mineral than francolite 
was identified in the compositions. To attain a higher fluorine content through 
simulation, it should be noted that the Rietveld method with a mixture of different 
apatite group minerals and non-phosphate minerals cannot lead to an ideal solu-
tion when widely varying the substitution rates of PO4 by CO3 and F. This is due 
to difficulties related to the convergence of calculations with phases having strong 
structural similarities, which is the case for hydroxyapatite and francolite. 

Iron analyzed by XRF is also not systematically detected by Rietveld simulations 
when it does not originate from iron minerals. However, iron is frequently ana-
lyzed by XRF in phosphorites, as it plays a major role in the precipitation of fran-
colite in many organic-poor environments [30]. In our samples, this is mainly due 
to the low iron content and the absence of iron minerals. Most of the iron is very 
likely substituted for aluminum in the major minerals and also in illite. It is also 
possible that a small amount of iron hydroxide is present, but below the detection 
threshold of the X-ray diffraction method.  

Information on the structural characteristics of the mineral phases is also pro-
vided by the interpretation of the Pair Distribution Function (PDF) curves in Fig-
ure 6. These curves allow the identification of the most frequent interatomic dis-
tances in the predominant mineral phases. According to Figure 6, only small dif-
ferences in peak intensity values are observed on the curves for rocks K31, K32, 
and K33. In particular, peaks related to P-O bond groups are distinguished at ap-
proximately 1.21 - 1.27 Å, 1.58 - 1.59 Å, and 2.42 - 2.43 Å. P- Ca and P-O bonds 
are also identified around 3.07 - 3.1 Å and P-F and P-H bonds near 3.53 - 3.56 Å. 
Finally, F-O and H-O bonds are identified around 4.03 - 4.06 Å. It is seen that the 
interatomic distances in hydroxylapatite and francolite are very similar (Figure 
6), and the simulation of the spectra gives results almost identical to those shown 
in Figure 7. 

The structure of francolite reveals the presence of F-P and F-O bonds. However, 
the PDF characteristics do not allow for the identification of Ca-F bonds at 2.3059 
Å and 4.41277 Å, and Ca-Ca bonds at 3.76322 Å, which could be found in struc-
tures of various fluorine minerals such as CaF2. This confirms the low probability 
of identifying fluorine-containing minerals, other than francolite, above a detect-
able concentration. 

5. Conclusions 

The work showed that the detection threshold of iron and fluorine is equivalent 
to their concentration in fluorites. Despite this, the studies demonstrated that 
Rietveld simulations of high-resolution X-ray diffraction patterns reliably deter-
mine the mineralogical composition of phosphorites, although they are complex 
mineralogical compositions. This result is validated by a correlation between the 
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chemical composition values calculated from the mineralogical compositions of 
the identified minerals and the chemical composition values obtained by XRF. 

It was also shown that the characterization of phosphorites is particularly com-
plex due to the coexistence of at least two mineral phases from the apatite group. 
Similarly, this phenomenon has also been identified in the study of different Af-
rican phosphorite deposits. In the case of the Kotchari deposit, the coexistence of 
the hydroxylapatite and francolite mineral phases is clearly demonstrated by the 
detailed identification of X-ray diffraction patterns and by Rietveld simulations. 
In all cases, the accuracy of the phase identification and simulations is significantly 
improved by the specific characteristics of the high-resolution X-ray diffraction 
patterns from the ESRF synchrotron. 

Despite the strong similarity in the structural characteristics of hydroxylapatite 
and francolite, it is possible to accurately calculate the mineral phase contents. 
This is obtained accurately, although it was necessary to limit the variations of 
lattice parameters and the substitution rates of PO4 groups by CO3 and F, and also 
of Al by Fe. 

The identification of mineral phases correlates well with the interpretation of 
Atomic Pair Distribution (APD) curves. Simulation of these curves allowed for 
the identification of the predominant interatomic bonds in the structures of hy-
droxylapatite and francolite. Simultaneously, the APD curves did not reveal the 
presence of F-P and F-Ca bonds, indicating that excess fluorine and iron relative 
to the ideal mineral stoichiometry are distributed within the rock’s mineral struc-
tures. 

The obtained mineralogical compositions are very satisfactory, although the 
contents of minor elements that are structurally substituted, such as fluorine and 
iron, are slightly underestimated. The used method allows to very rapidly perform 
hundreds of experiments at a reduced cost. Rietveld simulations can be achieved 
semi automatically, reducing the computational cost. The research opens up per-
spectives for improving the management of mineral deposits.  
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