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ABSTRACT: This is the first study of pyrite minerals in the entire West and
Central African Rift System (WCARS). Several polished organic-rich core samples
from the Cretaceous Yogou Formation of the Niger (Chad) Basin located in the
WCARS were investigated for their pyrite content using FE-SEM and SEM-EDS
imaging techniques. An attempt was made to classify the types and provenance of
the pyrites and to highlight the control of rift fractures on the oxidation and
dissolution of pyrites in the region. Three major types of pyrites are present in the
studied formation, including euhedral pyrite (EPy) crystals, pyrite framboids
(FPy), and sunflower pyrites (SPy). A statistical analysis of 307 FPy shows that the
framboids are diagenetically formed with an average diameter of 6.61 μm. SPy is
present in a relatively low amount compared to framboids. The pyrites underwent
a variety of diagenetic modifications, from mechanical compaction to oxidation,
dissolution, and recrystallization. Unoxidized pyrites primarily contain Fe, S, and
C, but oxidized pyrites also contain O, Al, and Si. There is a strong correlation between the fractures and the spatial distribution of
the physicochemical alteration of the pyrite in the study. Dissolution in relatively deep-buried samples occurs mainly along fracture
planes. The fractures provide a pathway for oxidants and other metal elements to reach the pyrites. The pattern of pyrite dissolution
reflects the timing of fracture formation and fracture activities as a purveyor or drainage for fluids in the organic-rich samples
investigated. The pyrites are associated intimately with organic matter (OM); thus, the relationship between the fracture and the
pyrites’ transformation is significant in the assessment of organic matter preservation at deep-burial depth.

1. INTRODUCTION
Pyrite (Py), a naturally occurring iron disulfide (FeS2)mineral, is
quite common in marine and terrestrial sediment deposits.1,2 Py
can exist in many forms, such as euhedral pyrite (EPy) crystals,
pyrite framboids (FPy), worm shapes, irregular masses,
botryoidal-subspherical aggregates, fossil casts, and nodules.3

Py has been extensively studied, from its elemental composi-
tions4,5 to its origins,5−7 oxidation reactions,8,9 morphological
evolution,5,10,11 and redox significance.12,13

Two forms of Py, syngenetic and diagenetic, have been
defined based on the interplay of the environment with reactions
of sulfates, organic matter (OM), and reactive iron.14 Syngenetic
Py is formed in the near-bottom water column and sediment−
water interface that is saturated with H2S

14,15 and preserved in
the underlying sediment,12 while diagenetic Py is usually formed
from OM decomposition in an anaerobic sedimentary environ-
ment that has sufficient H2S and water. Py in the marine
environment is formed largely by microbial sulfate reduction in
the subsea environment.16,17 In a petroliferous basin, Py has an
intimate relationship with OM, as both Py and OM degradation

in sediments is through microbial reduction of seawater
sulfate,17,18 and the sulfide product is preserved either as Py or
inorganic sulfur (S) compounds.18

Py is a hard-to-dissolve mineral stable in an anoxic
environment across a range of pH and Eh values.16 It has a
very low solubility.19 However, through chemical oxidation and
reduction reactions, it can be oxidized and dissolved. The degree
of dissolution observed for Py is controlled by a variety of factors,
including its exposure to oxygen and water,20−22 oxygen
concentration,23 presence of sulfate-reducing bacteria,24,25

bacterial action and sediment Ph,24,25 basin temperature,26,27

concentration of Fe(II),23,24 continuous supply of H2S2,
28 and
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degree of stress which affects the Fe and S2 film and Py double
layers.29

In an experiment conducted to test the bacterial leaching
efficiency on Py, a pH value range of 1.1−2 gave the best
efficiency,24 while dissolution efficiency dropped when Fe(III)
attained a concentration of 35 g L−1 and Fe(II) attained that of
27 g L−1.24 The continuous increase in Fe concentration reverses
the leaching process by clogging the surface of the Py.28 Several
factors affect the oxidation and dissolution of Py; factors such as
redox conditions,12,27 pH,20,21 organic matter,30,31 particle
size,28 and oxidizing bacteria,30 among others, have been
advanced by sulfide petrologists. In this study, we concentrated
on the effect of rock fractures on Py alteration within a
sedimentary basin to emphasize the special petrographic
relevance of tectonic-induced rock fractures on Py oxidation
and dissolution in a petroliferous basin.

2. GEOLOGICAL BACKGROUND OF THE NIGER RIFT
BASIN

The rift basin of Niger belongs to the series of Africa Cretaceous
basins unified by extensional tectonics leading to the breaking
away of the South American plate from the African plate.32

Extensional tectonics in the Paleozoic and Cretaceous (550−75
Ma) led to the formation and expansion of the Niger (Chad)
Basin to form an intracontinental deposit consisting of gray
lacustrine mudstone interbedded with sandstone deposits.33

The south section has the deepest sediment deposits (over 13
km) with both marine and terrestrial sediments.34 The basin has
experienced significant tectonic and thermal subsidence in the
Cretaceous, followed by a tectonic uplift and erosion in the
Paleogene, causing significant destruction to its petroleum
potential in the northern section.34 Generally, the basin has an
average surface temperature of 23 °C35 with sediments enriched
with terrigenous organic matters, planktons, and freshwater
algae from a fresh to brackish oxic environment restricted from
seawater exchange with the Tethys and the Atlantic Ocean
surrounding it.36

3. METHODS
3.1. Data Preparation. The mudstone and shale samples

studied were organic-rich core samples collected from five
different depth intervals (2557, 2590, 2593, 2598, and 2605 m)
alongWell P-10 in the Niger (Chad) Basinmade available by the
NigerMinistry of Petroleum (Figure 1). The different depths are
respectively labeled T1− T5 and referred to accordingly in the
proceeding reports. The core samples represent the transitional
marine environment rocks in the southern Niger (Chad) Basin
with macro- to micro-scale fractures.33 The samples cover 48 m
of core length and comprise four rock facies, including clay-rich
sandstone, laminated muddy sandstone, siliceous mudstone,
and shale.33 The samples analyzed (Figure 1c) were from the
mudstone and shale sediment sections. The samples were
prepared as polished sections using a fully automated argon ion
milling system (PEC II Model 685) to obtain high-quality
polished samples. The samples were then placed into an ion
sputter coater (ISC-150 Pro) device, carbon-coated, and
afterward were observed using a field emission scanning electron
microscope (FE-SEM) and scanning electron microscope
energy dispersive X-ray spectroscopy (SEM-EDS). The coating
enhances the image quality and resolution by increasing the
signal-to-noise ratio during SEM imaging, which results in a
better quality image.
3.2. Scanning Electron Microscopy (SEM) Analysis.

SEM is a high-resolution petrographic microscope highly
suitable for mineral surface and shape analysis. Combined
with the EDS technique, it allows both qualitative and
quantitative in situ chemical analyses to be conducted. Using a
high-resolution version of FE-SEM (Zeiss Crossbeam 550) by
Carl Zeiss Microscopy, the T1−T5 samples (Figure 1c) were
observed for their pyrite (Py) contents, fractures, Py alteration,
and relationship to ambient fractures.
3.3. Energy Dispersive X-ray Spectroscopy (EDS)

Analyses. A point analysis of oxidized and unoxidized zones
on pyrite (Py) samples was carried out to examine the chemical
compositions and elemental distinction between the two zones.
In this method, visual inspection of a sample is accomplished by

Figure 1. (a) Basemap of the AgademBasin showing the location of the studied well (P-10) in the yellow grid. (b) γ-ray log curve showing the lithology
and corresponding depth of rock samples examined. (c) Depth and lithology labels of the core samples analyzed.
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focusing the electron beam on a particular area of the image of
the sample obtained by a scanning electron microscope. This
causes an atom to be displaced, creating a positive charge in the
atom’s inner shell, which is then replaced by another electron
from an outer shell. The EDS equipment automatically performs
the analysis up to the resolution limit of ≤2 μm and saves both
the location and the associated EDX spectra, revealing the
compositional ratios (atomic ratios) of every element
discovered in the point scan. However, electron shielding in
samples containing multielectron ion elements with large
changes in the Z number, low concentrations of an element,
and other factors could alter the results of the EDS examination.
3.4. Statistical Analysis of Pyrite Framboids Using

ImageJ and Origin Software. The ImageJ and Origin
programs were employed to process and analyze the pyrite
framboids (FPy) images obtained from the SEM/EDS analyses.
They were used for redox condition prediction based on the
importance of FPys for paleo-redox condition prediction and its
relatively higher susceptibility to chemical diagenesis. Three
hundred and seven FPys were labeled with their diameter
measured using the ImageJ software. The data collected were
saved (CSV file) and then analyzed statistically using the Origin
software. The average diameter of the 307 FPys was then plotted
on a histogram normalized by a Gaussian distribution function
plot.
Where 30 to more than 100 FPys diameter measurements

were used for paleo-redox condition prediction, errors due to
irregular crystal morphologies, distorted minerals, and human
errors were significantly reduced and the data set and
subsequent analysis and interpretation were enhanced.37

Therefore, the number of FPys used for this study is within a
reasonable limit and the interpretation adopted a log-normal
distribution,37,38 which is a good fit for SEM image sets.37

4. RESULTS
4.1. Pyrite Varieties Discovered in the Samples

Analyzed. Variable-size EPys and FPys were found in T1, T2,
T3, T4, and T5, and detrital pyrites (DPys) in T2, T3, and T4.
EPy is found to be predominant in T5. The Pys are formed along
fracture planes as clusters of individual forms such as EPys
(Figures 2a), FPy (Figure 2b), DPys (Figure 2c), and SPy
(Figure 2d) and sometimes as aggregates of Pys coexisting with
OM (Figure 3). In T2 and T4 mudstone samples, DPys
predominate and exist primarily as cement (Figure 2c). SPys and
aggregations of FPys known as “polyframboids” were observed
in the shale samples T4 and T5 (Figure 3). FPy is formed at a
high saturation of iron monosulfide,6 exhibiting semispherical
and spherical shapes within the host rock and OM (Figures 2b
and 3). By transforming into a core−shell structure Py, EPy and

Figure 2. Scanning electron microscopy images of pyrite (Py) types (scale bar: 1−5 μm): (a) monocrystal or euhedral pyrite (EPys) formed along
fracture planes; (b) pyrite framboids (FPy) in host rock; (c) cataclastic aggregates of detrital pyrites (DPys) occurring as fracture-filling minerals; (d)
sunflower pyrite (SPy)�FPy with an outer crystal.

Figure 3. Polyframboids showing degraded pyrite framboids (FPys)
(yellow grid) with dissolutional cores and orderly arranged pyrite
framboids (FPys) (blue grid) and disorderly arranged pyrite framboids
(FPys) (green grid) within an organic matter (OM) filled fracture (red
dashed line) and open fracture (red line).
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Figure 4. SEM images of (a) rough edge or reworked pyrite (Py) with an unoxidized core and oxidized rim, (b) regular shape or euhedral pyrite (EPy)
with an unoxidized core and oxidized rim, (c) nanomicron crystals of sunflower pyrite (SPy) with completely oxidized Py crystals and dissolved cores.

Figure 5. Fractures dissecting (a) a jagged-edge or reworked eudrehal pyrite crystal (EPy) surrounded by Py whiskers (WPys), randomly arranged
thick bar Py crystals, and (b) degraded pyrite framboids (FPy).

Figure 6. Energy spectrum component analyses for (a,b) pyrite framboids (FPys) and (c) cuhedral pyrite (EPy) showing the location of the mineral
inclusion point scanned for the atomic number and chemical composition of the inclusion. (d−f) EDX spectra showing the compositional ratios
(atomic ratios) of all the elements detected in the point scans. (g−i) histogram plots of atomic percentage (at. %) of elements in the analyzed samples.
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FPy can develop into SPy (Figure 4a−c).39,40 Figure 2a shows
single crystals of (Fe(II)) polysulfide (EPy) under normal
saturation, while Figure 2b shows a single crystal of (Fe(II))
polysulfide (FPy) under rapid nucleation7 of supersaturated iron
monosulfide.41,42 Both EPy and FPy crystals can coexist (Figure
3).
FPy falls to normal saturation when supersaturated FeS2

develops (Figure 3). The drop could be attributed to a decrease
in sulfate-reduction-bacterial (SRB) activity or a depletion of the
Fe source.41 As a result, when completely grown (blue bar,
Figure 3), some FPy (ordered-FPy) may appear as spherical
clusters of EPy43 and semispherical for partially formed or
decaying FPy (yellow bar; Figure 3). Polyframboids are a
collection of FPys that are typically formed in OM, where
thermal fluid and sulfate-reduction-bacterial (SRB) processes
are engaged in the development of EPy from FPy and cement
Py.5 In zones of significant tectonic activity, DPy (Figure 2c) and
pyrite whiskers (WPys) (Figure 5) are widespread.
4.2. Organic Matter in the Samples Analyzed. Bitumen

is the most abundant organic matter type in all of the tested
samples with a few structured and amorphous kerogens.33 They
are randomly spread across the surface of the shale and mudrock
samples systematically in association with Py inclusion (Figure
3). A part of the bitumen forms a regular pattern along fracture
planes on the host rock.
4.3. Rock Fractures in the Samples Analyzed. Fractures

of diverse sizes and forms are extensively distributed across the
samples. Many of the fractures found were open (Figure 3), and
a few ran along the bitumen and host rock boundary, while
others cut through bitumen and Py. The sample T5 appeared to

be themost fragmented, with mineral infillings ranging from EPy
to FPy, WPy, and OM. Premineralization fractures and
postmineralization fractures are the two types of fractures that
have been observed. The first group are filled with OM, Py,
kaolinite, and other mineral inclusions (Figures 2a,c and 3),
whereas the second category cut through the OM and mineral
inclusions�EPy and FPy (Figure 5a,b), showing that they were
formed after the Pys.
4.4. SEM/EDS Elemental Composition Analysis Re-

sults. A point analysis was performed on selected Py minerals
(Figure 6a−c) to obtain their elemental compositions in order
to improve our understanding of the chemical nature of the Py in
the study area. The minerals were excited with 10.0 keV electron
beam energy from a scanning electron microscope (SEM) to
obtain their elemental compositions. The resulting X-ray energy
spectra (Figure 6d−f) as well as a table of constituent element
weight percentage (wt. %) and atomic percentage (at. %) were
examined. In a histogram, the at. % for each element is shown
(Figure 6g−i). The effect of electron shielding in multielectron
ion elements with considerable variances in the Z number,
element in an aqueous solution, and overlap of a given spectral
line can cause uncertainty in the results of EDS analyses. Except
for Z = 8.630, which falls into the energy range of 6−7 keV, all of
the samples detected have low emission energy in the range of
1−3 keV. There is no overlap between the spectral lines,
providing for the optimum outcomes.
4.5. Pyrite Framboid Size Distribution Results. FPys

were selectively analyzed as an indicator of paleo-redox
conditions of sediments12,44 and paleowater.45 Following a
statistical analysis of the sizes and distributions of 307 FPys from

Figure 7. Relative frequency and diameter distribution of 341 pyrite framboids (FPys) analyzed. (b) Gaussian distribution function showing the
average diameter (average diameter) of FPys. N is the number of samples.

Table 1. Petrographic Features and Distribution of Pyrite Types from Core Samples of the Well P10 with a Focus on Its
Transitional Formation Zone

size diagenetic sequence

pyrite type range (μm)

av
diameter
(μm) compaction oxidation dissolution surface morphology environment remark

monocrystal
(EPy)

not measd not
measd

low low to high low to high jagged-edge, rim pore, core
pore, surface fracture

continental/
marine

present at all depths

detrital (DPy) not measd not
measd

rare rare rare jagged-edge, surface
fracture

continental/
marine

widespread at depth 2590 m

framboid
(FPy)

0.061−63.229 6.61 moderate low to
moderate

moderate rim pore, core pore, surface
fracture

continental/
marine

present at all depths,
predominant at depth
2605 m

sunflower
(SPy)

2.092−12.927 7.12 high high high rim pore, core pore, surface
fracture

continental/
marine

found only at depth 2605 m
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the examined samples, the following findings are presented.
According to a histogram plot of the FPys’ diameters, the FPys
have a diameter ranging from 2.84 to 62.51 μm (Figure 7a). The
standard deviation is 5.69 μm, and the average diameter is 6.61
μm (Figure 7b and Table 1). T5 has the smallest FPy, while T1
has the largest diameter. FPys smaller than 1 μm are considered
to be very small, those between 1 and 3 μm are considered small,
those between 3 and 10 μm are considered medium-sized, and
those larger than 100 μm are considered very large.46

Except for T1, FPys larger than 25 μm (Figure 7a) were
uncommon in the other sections investigated. FPys are typically
5−6 μm in length,47 and their size range overlaps those of
syngenetic and diagenetic FPys, which are 2.9−10.9 and 3.1−
20.9 μm, respectively.37 The average particle sizes of FPys in a
confined basin or euxinic system are mostly 6 μm47,48 and
remain constant irrespective of diagenetic processes,12 making
them a useful tool for distinguishing between oxic and anoxic
water conditions.12

5. DISCUSSION AND INTERPRETATION
Py oxidation and dissolution are distinct processes; however,
they are connected by a need for ambient oxygen. When
oxidizing Py reacts with a high concentration of dissolved
oxygen, the rate of dissolution will be favorably increased.23

Figures 4a−c and 8b show samples of the two most prevalent Py
forms, EPy and FPy,12 that were under investigation in this
study. Many of the samples had a concentric oxidation of Py
minerals, while only a few had dissolution of Py-overgrowth or
the Py crystal core, particularly in the deeply buried Pys (T4 and
T5). According to Courtin-Nomade et al.49 and Gu et al.,50

monocrystal Py oxidation produces Py with a core−shell
structure or the appearance of two layers, with an unoxidized
inner core in the center.50,51 As seen in this study, dissolution in
both EPy and FPy results in a wide variety of surface
morphologies on the EPys and the FPys. Dissolution pores
(Figure 8a,b,d), dissolution rim pores (Figure 8b−d), and
jagged-edged monocrystals (Figure 8a) are the products of this
process. In comparison to SPy, which displays a comparatively
higher degree of dissolution in its core than in its shell, the other
two primary Py types, EPy and FPy, exhibit relatively less
dissolution (Figure 4c). FPy is more prone to dissolution than is
EPy (Figure 9). However, the dissolved FPymay recrystallize as
new EPy, a more stable form of Py as shown in Figure 8d, where
new EPys have sizes of 7.21 and 7.65 μm. The statistical analysis
result of the 307 FPys analyzed in this study (Table 2) shows
that 89% of the Pys are between 2.5 and 12.5 μm. The Gaussian
distribution function yielded an average FPy diameter of 6.61
μm, with a standard deviation of 5.69. The findings indicate that
the size ranges of syngenetic FPy (2.9−10.9 μm) and diagenetic
FPy (3.1−20.9 μm) overlap.
Out of the 307 samples analyzed, 259 samples or 84%

overlapped.While 13.68% of them have diameters that are above
the high cutoff size for syngenetic FPy (10.9 μm), only 1.95% of
them are less than the low cutoff size for diagenetic FPy (3.1
μm). Therefore, the diagenetic FPy appears to prevail.
The study’s average FPy diameter (6.61 μm) and the world’s

average diameter for diagenetic FPy (6.7 μm) reported by
Rickard37 differ by 0.09 μm. The agreement between these two
averages verifies the precision of the measurements and the
methods used for analysis in this study. The relative abundance

Figure 8. SEM images showing the different forms of chemical diagenesis observed in the well P-10 core samples. (a) Dissolution of the mineral
framework on a typical pyrite (Py) crystal within organic materials (OM). (b) Oxidized euhedral pyrite (EPys) crystals undergoing core and rim
dissolution. (c) Euhedral pyrite (EPy) along the fracture plane showing three concentric zones; dissolved outer zone, oxidized core−shell, and
unoxidized core. (d) In open fractures, both sunflower pyrite (SPy) and pyrite framboid (FPy) exhibit different degrees of mineral dissolution, with
considerable rim dissolution in the case of SPys and complete mineral dissolution in the case of FPys.
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of the diagenetic FPy indicates that the paleoenvironment was
rich in organic matter and had sufficient oxygen circulation,
since the formation of diagenetic FPy depends on the availability
of these two elements under rapid sedimentation.52

Variable levels of postformation oxidization have occurred in
all of the reported FPys and 70% of the observed EPys. Some Py
had undergone complete oxidation, while others had incomplete
oxidation and showed either a monocrystal with a core−shell
structure (Figure 4b,c) or SPy (Figure 9d); the FPys may be able
to anticipate the abundance of organic matter because they
flourish in sediment with high levels of organic matter.53 In
comparison to high-energy-environment sediments (sand-
stones), low-energy-environment sediments such as claystones,
siltstones, and carbonates typically have higher levels of organic
matter and more iron minerals for converting sulfates to
hydrogen sulfides.54 Similarly, the presence of organic matter
reduces the rate of diagenetic degradation of Py.32

FPy and recrystallized FPy with a core and outer crystal (SPy)
were cross-plotted to ascertain their relationships with size
(Figure 10), since SPy is a direct product of FPy’s overgrowth or
recrystallization.41 Twenty-two SPys were sampled from T5,
measured, labeled, and then analyzed for their size distribution.
Crystal sizes between 6 and 7 μmwere predominant. The largest
SPy has a diameter significantly smaller than the large-diameter
FPy in the study (Figures 10a,b). The result suggests that in a
given range of FPys having random crystal diameters
recrystallization affects the small-sized crystals more than the
large-sized crystals, except for where large-sized Py crystals exist
where recrystallization is enhanced: i.e., close to or along the
fracture plane.
The reported impact of fracture on the dissolution of Py

helped establish the connection between Pys and tectonic
activity. Every sample has some level of fracturing. Zones of
significant tectonic activity frequently include the DPys and
WPys observed in this study (Figure 2c and 5a). Many open
fractures were observed on the host rock and Py crystals (Figures
5a,b). Old fractures were filled with clay minerals and Pys
(Figure 2a,c and 3). Py can weaken rock strength and discharge
heavy metals into the environment. The mineral dissolution
around the fractures is a noteworthy finding in this investigation.
However, a steady decomposition of the Py and its associated
organic matter under an anoxic condition such as for the
investigated samples is linked to the presence and the activities
of sulfate reducing bacteria (SRB).16 However, the open fracture

Figure 9. (a) Preferential intensive dissolution of monocrystal pyrites
along a healed-fracture path. (b) Polyframboids showing a high degree
of mineral dissolution on framboids formed within a fracture. (c)
Fracture-induced rim dissolution of a monocrystal formed along
fracture paths. (d) Sunflower pyrites (SPys) showing complete mineral
dissolution around the fracture network.

Table 2. Statistics of Pyrite Framboids in the Cretaceous
Yogou Formation Showing Normalized Diameter
Distributions

pyrite diameter interval frequency diameter (%)

2.5 38 11.14
7.5 204 59.82
12.5 71 20.82
17.5 11 3.22
22.5 9 2.64
27.5 2 0.57
32.5 0 0
37.5 0 0
42.5 3 0.88
47.5 0 0
52.5 0 0
57.5 1 0.29
62.5 2 0.59

Figure 10. (a) Box plot and (b) table showing the minimum, median, and maximum sizes of sunflowers (SPys) and framboids (FPys) in the well P10.
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pathways were discovered to have a rather high level of pyrite
mineral degradation (Figure 9).
Due to the fact that Py located far from the fracture zones does

not undergo major physicochemical changes, the dissolutions
described here are confined and unusual. As a result, the
preferential dissolution of Pys along the healed fracture paths
(Figure 9a), OM-filled fracture (Figure 9b), and open fracture
(Figure 9c,d) is proof that the presence of a fracture actually
causes and sustains Py mineral dissolution in the study area by
creating pathways for degradant fluids to reach the Py
crystal.29,51 However, more investigation into the effects of
fracture/microcracks on Py at the grain level is advised, utilizing
a more sophisticated microstructural analysis approach, such as
electron backscatter diffraction (EBSD).

6. CONCLUSIONS
The Cretaceous Yogoou Formation has five forms of pyrites:
euhedral crystals, framboids, sunflower, detrital, and whiskers.
The presence of detrital pyrite and pyrite whiskers is a reliable
sign of high tectonic activity, implying that the fractures seen are
tectonically produced.
According to the diameter size distribution of framboids, the

majority of pyrite types in the study are diagenetic pyrites
generated in organic-rich sediments.
The pyrite redox state and the fractures in the samples have a

strong relationship. Even while coexisting organic debris within
the fracture channels may attenuate the effect, the fracture
boosts oxygenation of the deeply buried Cretaceous Yogou
Formation pyrites and systematically increases pyrite dissolu-
tion.
The observed pyrite recrystallization and dissolution are

valuable tools in determining paleotectonic history.
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