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Abstract: This study was aimed at determining the concentrations of 

all chemical elements in iron-rich ore from the Gara Djebillet region 

in Algeria using instrumental neutron activation and spectroscopic 

analysis. Samples from four sites in the region were analyzed by 

spectroscopic methods such as X-ray diffraction (XRD), X-ray 

fluorescence (XRF) and scanning microscopy (SM). In addition, 

instrumental neutron activation analysis (INAA) allowed for a 

complete quantitative characterization of the ore. Results showed 

that there were forty-two elements found in trace and ultra-trace 

amounts and which were equally exploitable. The iron-rich deposits 

of the region are of great economic value to the country.  
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I. Introduction  

 

Oolitic iron ores of high phosphorus are widely 

distributed globally including large-scale deposits 

[1-3]. The Devonian ferruginous formation of the 

Tindouf basin in the Algerian western Sahara 

(Figure 1) was discovered in 1952 [3, 4]. The Basin 

is oriented WSW-ENE, bounded in the north by the 

Anti-Atlas, the south by the Reguibat Shield, the 

west by the Mauritanides and the east by the Erg 

Chech Depression. The iron ore deposit in the Gara 

Djebilet region of the basin has been estimated at 

more than 2.65 billion tonnes of grade 53-58 % Fe 

[5, 6]. Furthermore, the Ministry of Energy and 

Mining of Algeria has also reported large quantities 

iron ore at Gara Djebilet and nearby Mechri 

Abdelaziz [7, 8]. 

 

Figure 1.  Iron ore index of Gara Djebilet. Iron ore (red), and all other formations (green) [6].

Efficient iron ore processing operations depends on 

a detailed knowledge of the chemical and 

mineralogical distribution as well as impurities 

content of the raw material. Techniques such as X-
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ray Diffraction (XRD), Scanning Electron 

Microscopy (SEM) are common tools utilized in 

the characterisation of iron ores (Sarjoughian et al., 

2020). Neutron activation analysis in its 

instrumental form (INAA) is a simple method of 

analysis, involving two separate processes, 

excitation and measurement [9-12]. 
The excitation of samples by exposure to neutrons, 

as well as the subsequent measurement of the 

induced activity by a suitable detector, are based on 

physical laws, giving an accurate value for the 

quantity of a specific element in the sample [13, 
14]. This technique is physically non-destructive; 

induced radio-activities cannot be decreased to the 

background level even after a reasonable cooling 

interval time if samples are subjected to long term 

irradiation. The method can be applied to most 

sample matrices without any pre-treatment. Whilst, 

the INAA analysis has high sensitivity and good 

precision and being very useful for specific multi 

element evaluation with very low detection limits in 

the sub-ppm range [15, 17]. 
 

II. Materials and methods 

II.1. Scanning Electron Microscopy 

In order to obtain an adequate particle size for our 

different analyses, 5 Kg of for four different 

samples iron ores were ground to less than 150 μm 

and further ground in a FRITSCH mortar grinder 

before analysis by SEM/EDS and X-ray diffraction. 

For the other analytical methods (i.e. XRD and 

INAA), the crushed material was further 

homogenized using a TRIAXE® mixer, and sieved 

through a 100 μm mesh. Furthermore, the external 

morphologies of Gara-Djebilet iron ores were 

examined with the ESEM XR30 coupled to an 

auxiliary station for energy-dispersive X-ray 

installed at Algiers Nuclear Research Centre.   

II.2. X-Ray diffraction 

The degree of crystallinity of iron ores powder was 

assessed by using a PHILIPS instrument, model X-

pert XRD at a scan range 2θ from 2 to 80°, 

operating at 40 kV, and using a Cu radiation source. 

The scans were obtained using a scan step size of 

0.03° with a scan step time of 0.25 s. 

 

II.3. X-Ray fluorescence 

The X-ray fluorescence analysis of the studied 

samples was performed using Niton XL3t 

GOLDD+ portable spectrometer, utilized for the 

analysis of powder simples of rocks, minerals, ores, 

and concentrates. The spectrometer was equipped 

with a miniaturized Ag anode X-ray tube (50 kV, 

200 μA). Equipped with a high-performance 

detector Geometrically Optimized Large Area Drift 

Detector (GOLLD), was able to recording spectra at 

high count rates. The normal measuring 

head/aperture of this device was 8 mm in diameter, 

which could be reduced to 3 mm using a built-in 

spot collimator. The time of accumulation of X-Ray 

fluorescence spectra was 30 s per sample. 

 

II.3. Instrumental neutron activation analysis 

The irradiation for the INAA was carried out in 

NuR research reactor of the Draria Nuclear 

Research Center (CRND) Algeria. Three sub-

samples, each containing ~50-100 mg of iron ores 

powder, two standard elements, and blanks, were 

weighted, heat-sealed in polyethylene, and then 

packed in high density polyethylene capsule 

material.  

For the determination of the short half live 

radioelements, the samples were irradiated for 100 s 

in a thermal column at the neutron flux magnitude 

5.4 × 1012 n cm-2 s-1. The subsequent irradiations 

were performed under 2.4 x 1013 n cm-2 s-1 for 

hours. Thence, after the second irradiation and two 

days cooling time, the iron ores samples were 

analysed for selecting the long lived elements. Four 

weeks cooling time was subsequently required to 

decrease the residual activity allowing for 

measurements of the long-lived elements.  

After a cooling time for each radio nuclide, an γ-ray 

spectrum was acquired. Samples and standards 

were placed in close geometry using a solid-state 

Canberra GEM409 P Germanium detector. After 

irradiation the covers were removed, and the 

samples were mounted on standard Plexiglas plates. 

They were assayed for γ-activity of the activation 

products using an HPGe detector coupled to a PC 

based 4K analyser in an efficiency calibrated 

position with reproducible sample-to-detector 

geometry. The sample-to-detector distance was 

maintained at 10-15 cm depending upon the level of 

activity to avoid true coincidences effects. The 

detector system had a resolution of 1.8 keV at 1332 

keV. The activities of radionuclides were 

considered as a function of time to ensure purity 

and identity. The Gamma-ray standard of Eu52 was 

used for efficiency calibration of the detector, at 

different distances between the sample and detector 

in a stable source-to-detector geometry. The γ-ray 

spectra analysis was carried out by using the 

appropriate computing software. The computations 

were done using the comparative method of INAA 

(Equation 1) [9]. for element ‘i’. The concentration 

of element ‘i’ was denoted by C: 

 

𝑪𝒊,𝒔𝒂𝒎𝒑 = 𝑪𝒊,𝒔𝒕𝒅
𝒄𝒑𝒔𝒊,𝒔𝒂𝒎𝒑

𝒄𝒑𝒔𝒊,𝒔𝒕𝒅

𝑫𝒔𝒕𝒅

𝑫𝒔𝒂𝒎𝒑

𝝆𝒔𝒕𝒅

𝝆𝒔𝒂𝒎𝒑
            (1) 

where 𝐷 = 𝑒−𝜆𝑡𝑑  the decay time factor and  𝜌 =

(
1−𝑒−𝜆𝑡𝑟𝑡

𝜆𝑡𝑙𝑡
)  the counting factor for the decay during 

counting, λ the decay constant, and td, trt and tlt the 

decay time, real time, and live time of counting, 

respectively. The detection limit of INAA was 
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based on the signal-to-noise ratio, the selectivity of 

determining with a certain degree of confidence a 

peak in the gamma-ray spectrum. The photo-peak 

in the spectrum of the γ-ray emission by the 

radionuclide of interest was the ‘signal’. The 

‘noise’ results from the detection of photons from 

the ambient background value B, from the Compton 

continuum due to the interaction of higher energy γ-

rays. The detection limit DL depended on the 

irradiation, the decay, and the counting conditions. 

According to Equation 2 [9]. 

𝐷𝐿 = 2.71 + 4.65√𝐵                                      (2)             

Validation of the technique was done by irradiating 

two standards reference materials together IAEA-

336 [18]   and National reference materials of 

stream sediment N°- GBW07312 of China [19].  

II.3. Quality control procedures 

To evaluate the accuracy and the performance of 

the assay, the Z- score is most often used and 

biological reference materials were analysed, i.e., 

tulip sample (IPE-175) and lichen (IAEA-336), the 

former being used as control and the latter as a 

comparator.  

So, the Z- score was calculated according to 

Equation 3 [20, 21]: 

Z−score = (X–µ)/σ                                     (3) 

where X is the observed value, μ the certified value 

and σ its standard deviation. The Z-scores were 

used to test the quality of the results. If │Z│ ≤3, the 

experimental value was considered as acceptable, 2 

< │Z│ <3, was questionable and │Z│ ≥ 3, was 

considered not acceptable [22, 23]. 

III. Results and discussion 

III.1. SEM/EDX analysis 
As shown in Figure 2a, two phases were present as 

represented by black and grey with a similar 

composition according to EDX analysis. These 

forms can be considered as oolites which seems to 

be identical to those of nubecularia generally 

known in the phosphate or carbonate phases. 

Moreover, it was noticed that the streamlined parts 

are relatively aligned in the longitudinal direction of 

the section. Besides, different SEM/EDX spectra 

were seen within a section of the Gara Djebilet iron 

ores samples indicated by upper (dark) and lower 

(light) areas in Figure 2b  and 2c . The 

corresponding quantitative data on the dark and 

light/bright areas of the Gara-Djebilet iron ores 

samples are presented in Table 1. The results show 

a clear difference in the quantitative elemental 

composition (i.e., peak heights) between these two 

areas. 

 

      
 

Figure 2a.  Photomicrographs of iron ores samples          Figure 2b.  . Photomicrograph showing sampling area 

 

 

DARK CONTRAST AREA 

MAJORITY Al AND Si 

 

LIGHT CONTRAST AREA 

MAJORITY Fe 
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Figure 2c.  EDX spectrum 

Table 1.  Elemental composition of iron ores 

samples obtained by SEM/EDX. 

Elements 
Dark 

contrast 
area (W %) 

Bright/Light 
contrast 

area (W %) 

B 5.63 3.85 

C 0.33 0.72 

O 15.92 18.69 

Mg 0.68 0.01 

Al 15.04 3.19 

Si 15.82 0.66 

P 0.1 0.05 

Cl 1.33 0.79 

K 0.47 0.03 

Ca 1.11 0.13 

Fe 43.57 71.90 

 

III.2. X-Ray Fluorescence 

Based on the chemical compositions, the ore 

samples namely TFe (23.6%) and P (0.32%) are 

considered highly phosphorus.  The results of the 

X-ray fluorescence analysis yield the chemical 

composition in detectable elements. According to 

Table 2, the composition of 0.82% by weight of the 

sample is unknown. 

 

Table 2. Chemical composition of raw samples by 

XRF. 

Elements %wt 

TFe 23.6 

Si 6.7 

Al 5 

P 0.32 

Cl 0.51 

Ca 9.46 

K 0.16 

Mg 0.73 

S 0.12 

Ba 0.25 

Ti 0.21 

LoL 0.82 

 

III.3. X-Ray diffraction  

As depicted in Figure 3, X-ray diffraction also 

revealed the different elements. Iron was found in 

the form of magnetite (peak 3), hematite (peak 1), 

magnetite (peak 3) and goethite (peak 2). There 

were other complex phases (i.e., smaller peaks), 

probably based on iron with other elements. Indeed, 

the results indicate that the gangue contains mainly 

kaolinite and quartz. However, the amorphous 

mineralogical phases of phosphorus and aluminium 

do not appear.  Unfortunately, the rare earths 

present a small quantities, could not be identified 

by X-rays neither nor by XRF. 

 

 
Figure 3.  DRX spectrum of Gara-Djebilet iron 
ores. 
III.3. Instrumental neutron activation 
analysis 
The concentrations of 14 elements obtained using 

instrumental neutron activation analysis (IAEA-

336) were found to be in good agreement with 

certified values of the elements, indicating good 

accuracy of the technique. Comparison between the 

current measured data and the reference materials 

IAEA-336 [23] and GBW07312 [22]  are 

summarized in Table 3. The standard deviations 

and the computed Z-scores were also included. The 

Z-scores for most elements were found to be within 

± 2, ensuring the reliability of the elemental 

concentrations to be within ± 10%. 
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Table 3.  Elemental concentrations (μg/g) in the current iron or samples and reference material IAEA-336 

obtained by INAA method. 

Element Certified value This work Z-score 

Ti 50.1±20.2 48.9±16.2 0.06 

V 1.47±0.16 1.44±0.12 0.18 

Zn 30.3±4.5 32.8±3.18 -0.55 

Al 675±143 679±101 -0.03 

As 0.63±0.07 0.66±0.05 -0.38 

Ba 6.39±1.29 6.11±1.1 0.21 

Cr 1.06±0.29 1.21±0.98 -0.51 

Cu 3.6±0.7 3.9±0.8 1 

Co 0.29±0.06 0.42±0.02 -2.1 

Fe 428±53 487±45 -1.1 

Mn 63.4±6.9 67.1±3.6 -0.5 

Rb 1.76±0.19 1.59±0.07 1 

Sb 0.07±0.01 0.08±0.01 -1 

Se 0.22±0.04 0.23±0.04 -0.2 

 

A fragment of a sample gamma spectrum recorded 

by hyper pure germanium detector two weeks after 

the irradiation is shown in Figure 4. The gamma 

spectrum obtained covers the energy band between 

[0, 1500] keV. For better clearness, we have opted 

for dividing the energy axis into four bands where 

the γ peaks are clearly observed. The presence of 

specific radioisotopes is painted in the γ spectra 

figures 4 (a), 4(b), 4(c), 4(d). The medium and long 

elements such as Cd, Np, Yb, Lu, Eu, Ta, Tb, Pa, 

Cr, Hf, Ga, Sc, Co, and Fe have been identified. 

Each radioelement was identified using gamma-

vision software (Vision, Gamma. (2003). In 

principle, every observable peak can be used for the 

determination of the corresponding element. 

However, as can be seen in Figure 4, a judicious 

choice of the most appropriate peak may contribute 

much better to the obtainable accuracy and 

precision.   

Table 4 groups the detailed results obtained by 

different analyses of Gara-Djebilet deposit iron 

ores, including the average concentrations along 

with the standard deviations. Each value is the 

average of the results obtained with three different 

samples, for each sampling site.  

A comparison of iron concentration yielded the 

following profile of samples. Site-1 (71%) > Site-2 

(60%) > literature (50%) > Site-3 (43%) > Site-4 

(37%). It seemed that Site 3, 4 and literature were 

medium grade iron ores. The rare earth elements 

(REEs) are important tracers and used in modelling 

of various geochemical processes (Tsai and Yeh 

1997). So, by comparing the results obtained by 

INAA on site-3 to those published elsewhere for 

samples having an identical iron content (Wasim. 

M, et al; 2020), 10 REEs measured in site-3, their 

average concentrations were 37.6, 82.0, 346, 9.52, 

0.07, 2.15, 0.21, 14.2, 6.63, 5.11 (μg/g) for La, Ce, 

Nd, Sm, Eu, Gd, Tb, Dy, Yb, and Lu, respectively. 

Really, a comparison of the mass fractions of REEs 

found in our study, were higher in the Gara Djebilet 

deposit iron ores than those published in literature 

(Wasim. M, et al; 2020). Although the most intense 

peaks guaranteed the highest precision, some of 

them should be avoided, because they interfered 

with peaks of other isotopes of different chemical 

elements, resulting in systematic errors. On the 

other hand, for a single isotope, those peaks free 

from interferences should not be used to calculate 

the concentrations averaged over all peaks. The 

operational range of INAA extends from ultra-trace 

(ng/g) to percentage level (%). There is, however 

no rule defining a threshold concentration above 

which the term trace must be used. The notion of 

trace does not have the same meaning depending on 

whether one is in the fields of nuclear, geology, 

biology, metallurgy, exploitation of iron deposits, 

etc. [24].  We may thus establish the following 

classification for a given analysed elemental mass 

depending on its concentration m (μg/g) i.e. for 

mass fraction m > 5000, the elemental mass is 

called main element, 5000 < m < 500 (minority), m 

< 500 (trace) and m < 50 (ultra-trace). 

The compilations of measurement results for all 

sites are given in Table 4. 
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Figure 4. A γ-Ray spectrum of Gara-Djebilet deposit iron ores sample, for energy intervals: (a) [80-250] keV, 

(b) [250-500] keV, (c) [750-1000] keV, (d) [1000-1500] 

Table 4. Elemental mass fraction in (μg/g) or 

otherwise, in four different deposit iron ores sites. 

Uncertainties are standard deviations of 

independent measurements 

 

1- Majority elements (% ± σ*) 

 

A
n

al
y

ze
d

 

el
em

en
t 

Site-1 Site-2 Site-3 Site-4 

L
it

er
at

u
re

*
*
 

Al 9.35±

2.67 

5.32±

0.45 

4.35±

1.06 

5.08±

0.79 

3.43±

0.25 

K 1.11±

0.31 

0.37±

0.01 

0.24±

0.1 

0.18±

0.03 

0.60±

0.05 

Mg 4.7±1.

93 

1.15±

0.44 

0.66±

0.24 

0.43±

0.02 

0.020

±0.00

1 

Na 0.21±

0.01 

0.076

±0.00

3 

0.05±

0.005 

0.19±

0.002 

0.010

±0.00

1 

Fe 71±3 59.8±

3.1 

42.76

±1.63 

37±9 49.9±

0.9 

 

2- Minority elements (μg/g ± σ*) 

E
le

m
en

t 

Site-1 Site-2 Site-3 Site-4 

L
it

er
at

u
re

*
*
 

Mn 7232±

135 

2010±

22 

1236±7

7 

612±25 204

±5 

Ti 6244±

1951 

2309±

221 

1849±3

2 

1518±6

08 

300

±20 

V 752±9

2 

714±2

1 

400±32 173±5 12.8

±1.2 

As 2096±

593 

< D.L 290±17 56.38±2

2.74 

3.9±

0.3 

Ba 723±2

61 

< D.L 68±13 590±37

0 

103

±8 

Cd 6022±

1597 

< D.L 8.71±1.

44 

815±40 N.R 

Ga 141±1

7 

10.08

±0.73 

35.41±1

0.29 

1.34±0.

35 

N.R 

La 123±4

8 

32.09

±0.93 

37.57±1

.78 

57.75±3

.17 

34.9

±3.1 

Mo 971±1

58 

6.99±

3.04 

1.71±0.

01 

264±49 N.R 

Nd 437±1

17 

< D.L 346±1 43.47±8

.12 

<D.

L 

Rb 597±3

47 

142±0

.78 

17.41±2

.72 

690±79 34.0

±3.0 

Zn 7030±

2800 

85±18 91±9 5787±8

63 

38.2

±4.2 

Zr 3588±

1754 

537±1

82 

18.67±5

.47 

2887±5

76 
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3- Trace elements (μg/g ± σ*) 

 

E
le

m
en

t 

Site-1 Site-2 Site-3 Site-4 

L
it

er
a

tu
re

*
*
 

Dy 
23±1.

24 

23.11

±0.13 

14.19

±1.1 

12.97

±0.35 
<D.L 

In 
5.56±

0.21 

1.52±

0.08 

0.92±

0.1 

0.47±

0.03 
<D.L 

Br 

35.17

±13.4

8 

0.74 

±0.46 

0.56±

0.31 

8.58±

4.11 
N.R 

Ce 
122.2

3±51 
< D.L 82±5 

124±3

6 

10.7±1

.3 

Co 
30.69

±7.75 

4.35±

1.7 

3.82±

0.63 

19.55

±3.9 

6.4±0.

4 

Cr 

64.12

±33.0

4 

< D.L 
80±1

4 

22.89

±2.16 

130±0.

6 

Cs 
45.3±

7.07 
< D.L 

10.85

±1.84 

35.14

±7.95 

8.1±0.

6 

Eu 
60.74

±8.24 

12.11

±9.33 

0.07±

0.01 

24.56

±3.12 

0.060±

0.004 

Tb 
34.93

±8.24 

0.29±

0.08 

0.21+

0.05 

5.73±

0.66 
<D.L 

W 
31.53

±6.9 

1.57±

0.14 

90.08

±9.73 

1.44±

0.92 
<D.L 

 

4- Ultra-trace elements (μg/g ± σ*) 
 

E
le

m
e

n
t 

Site-1 Site-2 Site-3 Site-4 

L
it

e
ra

tu
re

**
 

Ag 
12.89
±7.27 

5.54±
0.45 

0.91±1
.65 

2.08±0
.83 

N.R 

Gd 
9.65±
3.25 

17.82
±1.91 

2.15±0
.21 

34.07±
6.05 

N.R 

Hf 
18.83
±3.49 

0.91±
0.3 

158±8
5 

5.69±2
.15 

7.50 

Lu 
1.53±
0.11 

3.65±
0.31 

5.11±0
.51 

2.88±0
.11 

0.24±
0.02 

U 
5.61±
1.01 

4.14±
0.63 

3.36±0
.82 

3.27±0
.14 

8.3±0.
6 

Nb 
17.4±
0.46 

9.56±
6.31 

3.64±0
.51 

62.48±
2.02 

<D.L 

Sb 
10.15
±0.46 

< D.L 
8.39±1

.65 
32.61±

3.09 
10.6±

1.1 

Sc 
21.96
±2.82 

20.36
±1.31 

29.36±
2.72 

11.15±
4.14 

3.1±0.
3 

Sm 
22.57
±3.49 

< D.L 
9.52±2

.28 
15.97±

1.01 
1.30±
0.09 

Ta 

25.57
±10.4

7 

1.11±
0.25 

5.22±4
.32  

14.44±
4.84 

<D.L 

Th 
17.68
±6.49 

6.26±
2.53 

5.8±0.
84 

20.35±
4.36 

<D.L 

Yb 
12.8±
5.72 

< D.L 
6.63±1

.59 
7.54±1

.34 
1.60±
0.01 

*
Uncertainties are standard deviations of 

independent measurements; **Results obtained from 

literature: [25]; Site 1: Gara-Djebilet East (1 m in 
deep); Site 2: Gara-Djebilet East (Surface sampling); 
Site 3: Gara-Djebilet Center (Surface sampling); Site 
2: Gara-Djebilet West (Surface sampling); D.L: 
Detection Limit, N.R: No Result. 

 

IV. Conclusion 

 

Structural and elemental analytical characterisation 

of Gara-Djebilet iron ores deposits were succesfully 

analyzed by Scanning Electron Microscope coupled 

to station Energy Dispersive X-ray Spectroscopy 

(SEM-EDS), X-ray diffraction (XRD), X-ray 

fluorescence (XRF) and Instrumental Neutron 

Activation Analysis (INAA). The SEM-EDS 

assessment showed the existence of two phases in 

the iron ore represented by black and bright/light 

contrast with similar composition according to X-

ray energy dispersive micro analysis. However the 

bright/light contrast areas were found to have an 

iron content ~72%, while black contrast areas have 

an iron content of ~44%. Whilst, the XRD allowed 

for the elemental identification of the phases. 

Indeed, the iron was found in the form of 

magnetite, hematite, maghemite and goethite. On 

the other hand, the XRF analysis was also 

employed for comparing and detecting elements 

such as P, C, Si, and Pb  that can only be seen with 

this technique. Finally, the  instrumental neutron 

activation analysis indicated that there were 42 

elements in the deposit iron ores samples collected 

from sites in Gara-Djebilet area in south west 

Algeria. The elements included the major, minor, 

trace and ultra-trace elements. In addition, the  rare 

earth elements, included actinides elements 

uranium and thorium. The iron-rich deposits of the 

region are of great economic value to the country.  

This research is our contribution to the 

understanding of the elemental composition of the 

Gara-Djebilet deposit iron ores and also to 

establishing a data base for further use in the future. 
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