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1. Introduction

The distribution of chemical elements in the lithosphere is linked to the geolog-
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ical processes (magmatism, metamorphism, hydrothermalism and sedimentary
processes) that led to the formation of the rocks and minerals that are their es-
sential constituents. The combined effects of these geological processes govern
the systematic distribution in various geological environments or natural systems
[1]. Thus, the relative abundance of chemical elements proposed by chemists and
mineralogists, in particular [1] [2], reflects the geochemical processes occurring
within or at the earth’s surface. These geochemical processes allow chemical ele-
ments to be a useful geochemical tracer [2] [3] [4] [5] [6]. The coexistence of these
chemical elements in terrestrial materials (rocks and minerals) results from certain
affinities between these elements [7] [8]. In the case of petroleum sedimentary
rocks such as those of Donga and Yogou (Termit Basin, Niger), these affinities
often reflect the conditions under which the rocks were formed: transport, depo-
sition and diagenesis [9] [10] [11] [12] [13]. Petroleum source rocks in the
Donga and Yogou formations have been subjected to a summary mineralogical
characterization [14], but without addressing the way in which chemical ele-

ments are distributed.

2. Materials and Methods
2.1. Samples Analyzed

The samples analyzed were those of petroleum source rocks from the Donga and
Yogou formations of the Termit sedimentary basin (Figure 1). They were col-
lected in collaboration with the Centre de Documentation et d’Archives Pétro-
liéres du Niger (CDP). They include cuttings from the Koulélé-1D, Fana-1, He-
lit-1, Melek-1 and Ounissoui-E1 wells (Figure 1).

Sampling was carried out with a 10-meter sampling step.

2.2. Methods

Rock cuttings samples were washed to remove drilling mud. X-ray fluorescence
(XRF) analysis and scanning electron microscopy coupled with energy dispersive
spectrometry (SEM/EDS) were applied to determine the composition of major
chemical elements in these samples.

XRF was performed using a portable Niton XL3t" XRF spectrometer, coupled
with a computer to ensure data transfer after analysis using Niton Data Transfer
(NDT) software. Measurements in All-Geo mode were carried out on an accessory
fitted with a Radio Frequency Identification (RFID) chip, enabling the analyzer to
detect it automatically and convert it into a benchtop analyzer. Scanning electron
microscopy coupled with energy dispersive spectrometry (SEM/EDS) were used to
study the crystalline form of minerals using digital images, and to determine the
major chemical elements and oxide composition of the samples analyzed.

The tool used is a D.C.A.R. Variable Pressure SEM/EDS (MEB FEG Supra 40
VP Zeiss), equipped with an X-ray detector (OXFORD Instruments X-Max 20)
connected to an EDS microanalyzer platform (Inca Dry Cool, without liquid ni-

trogen).
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Figure 1. Map location of sampled wells in Termit basin (modified from [15]).

3. Results

3.1. Chemical Composition of the Donga Formation

The results of the distribution of major chemical elements in the Donga forma-
tion are shown in Table 1. They include silicon (Si), aluminum (Al), iron (Fe),
calcium (Ca), potassium (K), sulfur (S), titanium (Ti), magnesium (Mg), man-
ganese (Mn) and barium (Ba).

Elements Mg, Mn and Ba have very low proportions, averaging no more than
0.5% (Table 1). The elements K, S and Ti have low average proportions of
3.99%, 2.65% and 2.07% respectively. Ca has a relatively low average value of
5.37%, with the highest value in sample PO.E2.Dg (13.82%).
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Table 1. Elemental composition of major chemical elements in the Donga formation.

Elements

Samples Si Al Fe Ca K S Ti Mg Mn Ba Si/Al
PM.E6.Dg 47.85 17.96 18.7 4.28 3.7 4.92 1.34 0 0.37 0.21 2.66
PH.E7.Dg 51.88 18.06 17.53 1.57 6.03 2 2.21 0.18 0.12 0.28 2.87
PK.E22.Dg 56.77 15.12 12.26 7.9 3.74 2.27 0.77 0.17 0.54 0.08 3.76
PF.E20.Dg 47.55 17.69 20.09 4.31 3.85 2.26 3.48 0.1 0.27 0.23 2.69
PK.E20.Dg 47.96 19.81 19.85 2.18 3.88 2.99 2.37 0.4 0.32 0.15 2.42
PF.E21.Dg 47.7 22.03 18.05 3.55 3.35 2.1 2.57 0.22 0.25 0.08 2.16
PO.E2.Dg 46.72 13.87 15.65 13.82 3.36 2 1.72 1.81 0.3 0.11 3.37
Average Dg 49.49 17.79 17.45 5.37 3.99 2.65 2.07 0.41 0.31 0.16 2.85
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Figure 2. Proportions of major chemical elements in Donga Formation rocks.

Figure 2 shows the histogram of the different proportions of major chemical
elements in the Donga formation. The Donga formation is relatively rich in sili-
con, aluminum and iron (Figure 2), with average proportions of 49.49%, 17.79%
and 17.45% respectively. The highest proportions of these elements are found in
samples PK.E22.Dg (56.77%), PF.E21.Dg (22.03%) and PF.E20.Dg (20.09%) re-
spectively.

3.2. Chemical Composition of the Yogou Formation

The major chemical elements present in the Yogou formation are listed in Table
2. They are composed of silicon (Si), aluminum (Al), iron (Fe), calcium (Ca),
potassium (K), sulfur (S), titanium (Ti), magnesium (Mg), manganese (Mn) and
barium (Ba).

The elements Si, Al and Fe (Table 2) are the most abundant in the Yogou
formation. Their average proportions are 57.77%, 16.17% and 15.57% respec-
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tively. The highest proportions of these chemical elements are found in samples
PE.E11.Yg (63.29%), PK.E26.Yg (17.52%) and PK.E26.Yg (19.29%) respectively.

Elements Ca, K, S and Ti have low proportions, averaging 1.82%, 3.57%,
1.81% and 2.42% respectively. The element K has the highest value in sample
PH.E42.Yg (5.02%). The other three chemical elements, Mg, Mn and Ba, are in
very low proportions, averaging no more than 0.7% (Table 2).

Figure 3 shows the histogram of the different proportions of major elements
in the Yogou formation. Figure 3 shows that silicon is the most abundant
chemical element in the Yogou formation.

3.3. Si/Al Chemical Element Ratios in the Donga and Yogou
Formations

The Si/Al ratios presented in Table 1 and Table 2 range from 2.16 to 3.76, with

an average of 2.80 for the Donga samples, and from 3.01 to 4.09, with an average

Table 2. Elemental composition of major chemical elements in the Yogou formation.

Sammples Elements Al Fe Ca K S Ti Mg Mn  Ba  Si/Al
PK.E25.Yg 53.66 1627 1808 23 285 296 196 131 032 004 3.3
PH.E42.Yg 6131 1527 133 131 502 091 189 05 009 019 403
PM.E1.Yg 5577 168 1626 198 334 173 314 044 012 002  3.32
PF.EILYg 6249 1528 1204 115 331 108 26 133 005 013 409
PM.E2.Yg 5481 1549 1832 216 363 165 291 029 014 016  3.54
PF.E10.Yg 6329 1632 1169 141 297 109 231 022 011 019 3.8
PK.E26.Yg 5273 1752 1687 246 384 322 211 033 039 022 3.0l
Average Yg 5729 1614 1557 182 357 181 242 063 017 014  3.60
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Figure 3. Proportions of major chemical elements in rocks of the Yogou formation.
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of 3.60 for the Yogou samples (Figure 4).

Figure 4 shows the histogram of Si/Al atomic ratios of major chemical ele-

ments for the Donga formation in green and the Yogou formation in orange.

3.4. Identifying the Major Element and Oxide Composition of
Donga and Yogou

Images and corresponding energy dispersive spectra of samples from the Donga

and Yogou formations are shown in Figures 5-8.

The majority of element peaks in the EDS spectra, such as silicon (Si), alumi-

num (Al), magnesium (Mg), iron (Fe), sodium (Na), potassium (K), calcium (Ca),

titanium (T1i) and sulfur (S), are common elements observed with XRF.

p— e

P G¥ oY v

Q}b

Figure 4. Atomic ratio (Si/Al) of the

SI/AL

Q% 4"0

L %

AY 4% 4P 4P 4% 4D

YV 5 . Vv L (<%
F &S @SS

Q¥

major chemical elements Si and Al in rocks from the Donga

(green) and Yogou (orange) formations.

Spectrum

a 1 4
' Elements Mg Al Si S K Ti Fe
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Figure 5. SEM and EDS images: (a) SEM micrographs showing the irregular crystalline form of the minerals and (b) EDS spectra

of sample PK.E20.Dg from the Donga formation (spectrum 2) showing the major chemical elements with their compositions (by

weight, atomic and %").
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Figure 6. SEM and EDS images: (a) SEM micrographs showing the irregular crystalline form of la minerals and (b) EDS spectra of
Donga Formation rock sample PK.E21.Dg (spectrum 1) showing the major chemical elements with their compositions (by weight,
atomic and %").
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Figure 7. SEM and EDS images: (a) SEM micrographs showing the irregular crystalline form of the minerals and (b) EDS spectra
of rock sample PK.E26.Yg from the Yogou formation (spectrum 3) showing the major chemical elements with their compositions
(by weight, atomic and %").

The elements gold (Au) and carbon (C) are taken from the sample support
grid during analysis. The main chemical elements identified using energy dis-
persive spectrometry are shown in Table 4 and Figure 9, and the oxides in Fig-
ure 10.

3.4.1 Major Chemical Elements
Table 3 shows the proportions of major chemical elements in the EDS analysis
of the Donga and Yogou samples.

Magnesium (Mg The chemical elements Si, Al and Fe are the most abundant,

with average proportions of 19.08%, 11.10% and 5.02% respectively in the Donga
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Figure 8. SEM and EDS images: (a) SEM micrographs showing the irregular crystalline form of the minerals and (b) EDS spectrm
of rock sample PM.E1.Yg from the Yogou formation (spectrum 1) showing the major chemical elements with their compositions

(by weight, atomic and %").

Table 3. Major chemical elements in EDS analysis.

T Elements
- Al Si Fe K Ti Ca Mg Na S Si/Al
Samples —

Echant. Weight % Ratio
PK.E20.Dg 12.01 18.97 3.93 0.91 0.23 0 0.52 0 1.76 1.58
PK.E21.Dg 10.19 19.19 6.11 2.16 0.35 4.17 1.42 0.52 0 1.88
PK.E26.Yg 8.79 20.42 5.23 1.97 0.55 0.66 0.97 0 0 2.32
PM.E1.Yg 7.68 21.72 2.96 1.91 0.43 0 1.13 0.23 0.82 2.83
Average Dg 11.10 19.08 5.02 1.54 0.29 2.09 0.97 0.26 0.88 1.73
Average Yg 8.24 21.07 4.10 1.94 0.49 0.33 1.05 0.12 0.41 2.58

20.0% (@) 25.0% ®
®mPKE26Yg ©~PMELlYg
=PKE20Dg =PKE21Dg ...
15.0%
15.0%
10.0%
10.0%
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Figure 9. Major chemical elements from EDS analysis of samples from the Donga (a) and Yogou

(b) formations.

formation, and 21.07%, 8.24% and 4.1% in the Yogou formation. They are fol-
lowed by Ca with 2.09% and K with 1.54% for Donga. In the Yogou formation,
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these chemical elements have 1.05% and 1.94% respectively. The chemical ele-
ments Ti, Mg, S and Na are in very low proportions, averaging no more than 1%
(Table 3). Si/Al ratios are 1.58 and 1.88 for the Donga formation and 2.32 and
2.83 for the Yogou formation (Table 3).

Figure 9 shows the histogram of the different proportions of major chemical
elements obtained by EDS analysis in the Donga and Yogou formations.

This figure shows the abundance of the elements Si, Al and Fe in both forma-

tions.

3.4.2. Oxides in the Donga and Yogou Formations

The proportion of oxides contained in rocks from the Donga and Yogou forma-
tions is shown in Table 4. These oxides include silicon oxide (SiO,), aluminum
(ALOs3), iron (FeO), potassium (K;O), titanium (TiO,), calcium (CaO), magne-
sium (MgO), sodium (Na,O) and sulfur (SO3).

Analysis of this table shows that SiO, is the most abundant oxide, with an av-
erage proportion of 40.82% for Donga and 46.45% for Yogou (Figure 10). It is
followed by ALOs. The average proportion of this element is 19.25% for Donga
and 15.06% for Yogou. It is therefore less abundant in the latter formation
(Figure 10). FeO oxide is also moderately abundant in these formations. These
average proportions are 6.46% and 7.27% respectively in the Donga and Yogou
formations. The proportions of other oxides are, in order of abundance, K,O
(2.85% and 3.34%), MgO (1.62% and 1.74%), SO; (2.65% and 1.03%), Ti,O
(0.49% and 0.82%) and Na,O (0.35% and 0.16) in the Donga and Yogou forma-
tions.

Figure 10 shows the histogram of oxide proportions obtained by EDS analysis
on samples from the Donga (Figure 10(a)) and Yogou (Figure 10(b)) formations.
Analysis of this figure also shows the abundant proportions of the following
oxides: SiO,, AL,Os and FeO in both formations. These results are in agreement
with the proportions of major elements obtained by XRF and EDS analyses.

Figure 11 shows the histogram of the different values of the ratio of major
chemical elements and oxides obtained by EDS analysis of samples from the

Donga and Yogou formations.

Table 4. Oxides from EDS analysis of Donga and Yogou samples.

Elements AkOs SiO: FeO KO TiO, CaO MgO Na:O SO $10,/AL0s
Samples Weight % Ratio
PK.E20.Dg 19.24 40.59 5.05 3.09 0.39 0 0.87 0 2.65 2.11
PK.E21.Dg 19.26 41.05 7.86 2.6 0.58 5.84 2.36 0.7 0 2.13
PK.E26.Yg 15.6 47.99 6.72 2.37 0.92 0.92 1.6 0 0 3.08
PM.E1.Yg 14.52 449 7.81 4.3 0.72 0 1.87 0.32 2.06 3.09
Average Dg 19.25 40.82 6.46 2.85 0.49 2.92 1.62 0.35 2.65 2.12
Average Yg 15.06 46.45 7.27 3.34 0.82 0.46 1.74 0.16 1.03 3.08
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Figure 10. Oxides in samples from the Donga (a) and Yogou (b) formations.
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Figure 11. Si/Al and SiO./ALO:s ratios of major chemical elements from EDS analysis of
samples from the Donga and Yogou formations.

4. Discussion

4.1. Major Chemical Elements in the Donga and Yogou Formations

The abundance of major elements such as silicon, aluminum and iron in the
samples from Donga and Yogou formations revealed by XRF analysis is attri-
butable to the presence of detrital minerals in these samples. Furthermore, the
high proportion of Fe in these formations is either due to the presence of pyrite
and goethite, or to substitutions in the octahedral and tetrahedral structures of
AP* by Fe** and Si** by AI** or Fe** respectively in the clay material. These ob-
servations concerning the presence of non-silicates minerals iron-rich, notably
pyrite and goethite, are in line with the work of [14]. Also, the presence of rela-
tively high levels of the elements K and Ca is probably due to these substitutions.
This could result in a slight charge deficit in the structure, which can be com-
pensated for by these modifier cations (interfoliar) in the tetrahedral and octa-
hedral sites as described by [16]. In addition, the uniform distribution of Fe and
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Mg elements on clay particles can be interpreted as the result of substitution of
these elements in the clay crystal lattice and during the deposition of nanocrys-
talline grains of associated minerals such as pyrite, goethite as revealed by [14].
Also, the average Ti, K and K,O contents, with an average of 3.99% and 3.57%
by weight for Ti, 2.07% and 2.42% by weight for K and 2.85% and 3.34% by
weight for K,O respectively for the Donga and Yogou formations, are relatively
high. This suggests that the presence of titanium (Ti) in these formations is ei-
ther linked to the crystalline networks of the clay minerals, or originates from
detrital materials [16] [17] and confirmed by the work of [14] on the mineralog-

ical characterization of the Donga and Yogou formations.

4.2. Oxides in the Donga and Yogou Formations

The works of [18] [19] has shown that Al,O; and SiO, contents are respectively
proportional to the presence of clays and silicate detrital materials such as quartz.
In this study, SiO, is abundant in the Yogou formation, while AL,O; is abundant in
the Donga formation. This distribution characterizes a predominance of clay min-
erals in the Donga formation and is probably explained by the presence of sandy
lenses in the Yogou formation, constituting Upper Cretaceous reservoirs in the
Termit sedimentary basin, as described in the works of [20] [21] [22] [23] in the
same Termit sedimentary basin.

Iron oxide (FeO) is also an important component in the Donga and Yogou for-
mations, averaging 6.46% and 7.27% by weight respectively. This iron oxide (FeO)
has known preferential associations with iron sulfides such as pyrite and marcasite.
Mineralogical examination by [14] confirmed that the extent of iron concentration

generally coincides with the presence of pyrite in these formations.

4.3. Influence of Si/Al and Si0,/Al;03 Ratios and Donga and Yogou
Oxides

The Al/Si ratios, which vary from 0.27 to 0.46 with an average of 0.35 for the
Donga formation and from 0.2 to 0.33 with an average of 0.28 for the Yogou
formation, are respectively low (Table 2 and Table 3), suggesting according to
[18] that Si in most sediments is associated with silicates and clay minerals. Ac-
cording to previous work [14] [24], the SiO,/ALO; ratio values in the Donga and
Yogou formations belong to the range of SiO,/ALO; ratio values for 2:1 type
clays (2Si and 1Al which is 2 to 4) [25] [26]. These ratios are significantly higher
than those of standard kaolinite (ranging from 1.73 to 1.8) [25] [26]. This may
be due to the presence of siliceous minerals, particularly quartz, in the rocks of
the Donga and Yogou formations, as shown by [14].

The abundance of silicon and aluminum on the one hand, and the relatively
high Si/Al ratios on the other, provided by X-ray fluorescence spectrometry,
confirm a clay, quartz and muscovite enrichment of the rocks in these forma-
tions, as noted by [14]. The high iron content is linked to the presence of pyrite
in samples from the Donga and Yogou formations. Then, the relatively high

contents of chemical elements such as S, Ti, Mg, Mn, and also Fe, Ca, and K is
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due to the presence of accessory minerals such as garnet, siderite, goethite and
anatase in the Donga formation and sericite, anatase and goethite in the Yogou
formation and pyrite and muscovite in these two formations [14].

In addition to the high Si/Al ratios, the K and Ca element contents are proba-
bly due to substitutions in the octahedral and tetrahedral structures of AP’* by
Fe?* and Si** by AP** or Fe* respectively. The results of mineralogical analysis of
clay fractions from the Donga and Yogou formations obtained by [14] reveal the
presence of interstratified clay minerals such that illite, smectite and chlorite
type. Si/Al ratio values between 1 and 3, obtained by EDS analysis, indicate the
predominance of kaolinite, 2:1 clays such as smectite and illite and siliceous
minerals as described by [14].

5. Conclusions

The distribution of chemical elements in petroleum source rocks of Donga and
Yogou formations of the Termit sedimentary basin (Niger), shows that Fe, Si
and Al are the most abundant elements. The major chemical element composi-
tions of the samples analyzed are controlled mainly by clay minerals rather than
by non-clay silicate minerals. This trend is illustrated by the values of the Si/Al
ratios, although the proportion of silicate minerals is not negligible. The main
oxides (SiO,, AL,O; and FeO) identified by this study are unevenly distributed
throughout the formations. The predominance of SiO, and ALO; confirms the
presence of quartz and clay minerals, as does the XRF analysis.

The major chemical elements identified in the Donga and Yogou formations
are borne by minerals such as pyrite, goethite, clays, quartz, muscovite, siderite,
anatase and garnet.

Finally, the Donga and Yogou formations are dominated by clays and contain
silicate minerals associated with pyrite and goethite, while the clay fractions of
these rocks are dominated by kaolinite and interbedded minerals such as illite,

smectite and chlorite types.
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