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Abstract :

Red beds are extensively used as evidence for an oxygenated atmosphere in the Paleoproterozoic. Red
beds in the unmetamorphosed, ca. 2.15 Ga FA Formation of the Franceville Basin, Gabon were
geochemically, petrographically, and mineralogically characterized to constrain the process of their
formation and their relationship to atmospheric oxygenation in the early Paleoproterozoic. Petrographic
observations indicate that ferric oxides are dispersed in clay filling intergranular pores and along platy
cleavage in altered phyllosilicates. Grain-coating hematite is generally rare to absent in most samples
suggesting hematite precipitation after sediment deposition and during burial diagenesis. Textures and
geochemical data suggest that iron was likely sourced internally by alteration of iron-bearing minerals
such as biotite and chlorite in sediments and redistributed in rocks during late diagenesis. Positive
correlation between Fe/Mg ratio and 856Fe values of bulk samples suggests mixing relationship with
end members being authigenic hematite and iron-bearing silicates (biotite and chlorite). The lack of
relationship between Fe3+/FeT ratios and iron isotope compositions suggest that the isotopically heavy
iron oxide was already present in the sediments during early diagenesis, and was incorporated into
green (reduced) facies that likely replaced red facies during diagenesis and burial. Large range of
056Fe values extending towards positive values, up to +1 permil, is similar to that observed in Archean
and Paleoproterozoic iron formations or modern groundwater-derived Fe-oxyhydroxides, suggesting
partial oxidation of Fe under mildly oxidizing conditions during early diagenesis. In addition, positive
correlation between Cr/Fe ratios and iron isotope values, especially in the fine-grained sandstones and
mudstones, is evidence for authigenic Cr enrichment under locally mildly-reducing conditions in a fluvial
setting and strongly oxidizing conditions during weathering and riverine transport. Uranium released
from the lower, fluvial oxidized sandstones and added to the reduced sandstones and silty mudstones in
the upper tidal-deltaic sediments potentially resulted in a uranium mineralization of a sandstone-type in
the FA Formation of the Franceville Basin.
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Introduction

Red beds are sedimentary rocks, which are formed in oxidizing conditions with
distinctive red color due to the presence of disseminated ferric oxides, typically hematite (Van
Houten, 1973; Chandler, 1980; Turner, 1980; Eriksson and Cheney, 1992; Mucke, 1994).
They are usually associated with variable proportions of intercalated drab (gray, green, brown,
and black in color) strata or layers (Van Houten, 1973; Turner, 1980). In general, color
variations in red beds have been ascribed to fluctuations in depositional or post-depositional
redox conditions. They typically formed in fluvial, lacustrine, aeolian, and parallic
environments that were developed in rapidly subsiding, fault-bounded basins in extensional
tectonic settings (Turner, 1980). They may also occur in other sedimentary environments,
such as along passive continental margins and in clastic wedges along edges of compressional
mountain belts (Turner, 1980).

Time distribution of red beds plays an important role in the history of the atmosphere
because it is widely believed that the onset of their deposition coincides with the irreversible
oxygenation of the atmosphere called “the Great Oxidation Event (GOE)” (Holland, 2002;
Bekker and Holland, 2012), and after that they are common for the rest of the Proterozoic
(Chandler, 1980). Red beds in early Paleoproterozoic sedimentary rocks are thus good
indicators for an oxygenated atmosphere. In addition, red beds are associated with a variety of
economic deposits such as uranium, copper, zinc, lead, and hydrocarbon reservoirs (Metcalfe
and others, 1994).

Although not formerly described as red beds, iron mobilization and re-precipitation in
the red-colored sediments of the ca. 2.15 Ga FA Formation in the Paleoproterozoic
Franceville Basin, Gabon has been linked to circulation of oxidized groundwater during the
GOE (Gauthier-Lafaye, ms, 1986; Gauthier-Lafaye and Weber, 1989, 2003; Gauthier-Lafaye,
2006; Mathieu and others, 2000). According to these models, oxidation of the FA sediments is
thought to have occurred long after their deposition when circulating, oxidized hydrothermal

fluids leached and remobilized U from the lower conglomeratic sandstones and migrated
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upward along fractures during basin inversion. The dissolved U was redeposited at redox
boundaries between the FA Formation and the overlying FB Formation, where U-rich
oxidized fluids interacted with organic matter or hydrocarbons from the FB Formation.
Mossman (2001), Mossman and others (2005) used paragenesis of solid bitumens while
Dutkiewicz and others (2007) used fluid inclusion and microthermometric data to infer two
episodes of hydrocarbon migration from the FB Formation to the FA Formation in the
Franceville Basin. The first episode is indicated by trapping of hydrocarbon in the
intergranular pore spaces of the FA Formation sandstones (Mossman, 2001; Mossman and
others, 2001) and occurred during burial diagenesis at temperatures between 130 and 200°C
(Dutkiewicz and others, 2007). The second episode, presumed as the main period of
hydrocarbon migration, is represented by solidified pyrobitumen in the intragranular pore
spaces (Mossman, 2001; Mossman and others, 2005) and occurred at temperature between
250 and 350°C during late diagenesis at maximum burial of sediments (Dutkiewicz and
others, 2007).

U deposits in the Franceville Basin are located at Bangombé, Boyindzi,
Mikouloungou, Mounana, Okelobondo, and Oklo (fig. 1). The U mineralization has a
complex history and the U is presumed to be sourced from the Archean granitoids and altered
monazite in the basal fluvial conglomeratic sandstones of the FA Formation (Gauthier-
Lafaye, ms, 1986; Gauthier-Lafaye and Weber, 1989; Cuney and Mathieu, 2000; Mathieu and
others, 2001). Despite these inferences, the origin of hematite in the red-colored FA
sediments, its genetic relationship with U mineralization, original color of sediments at the
time of deposition, and the oxidation state of the fluid that first migrated through the FA
Formation remains unknown and poorly constrained.

Mechanisms involved in formation of U deposits and amount of U resources vary
considerably through geologic time from the Mesoarchean to the present (Cuney, 2010).

Three age-controlled U deposit types were documented by Cuney (2010): (1) placer deposits
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of detrital uraninite in sedimentary basins formed before the GOE (for example, the
Witwatersrand basin, South Africa and the Huronian basin, Canada); (2) unconformity-type
deposits occurring along the unconformity between altered crystalline basement rich in
reductants such as graphitic and sulfidic schists and overlying, oxidized clastic sediments (for
example, the Middle Proterozoic Athabasca Basin, Canada and McArthur River Basin,
Australia); and (3) sandstone-hosted deposit of the Phanerozoic age (for example, Chu-Sarysu
Basin, Kazakhstan and Wyoming Basin, USA). Such progression in U deposits through time
has been linked to the development of oxygenated atmosphere and appearance of land plants.

Sandstone-hosted U deposits are typically thought to be exclusively Phanerozoic in
age, appearing after the evolution of terrestrial vegetation. U mineralization in sandstone
deposits usually forms by reduction of highly soluble hexavalent U (U®*) to tetravalent U
(U*) at redox interface in generally medium- to coarse-grained, permeable sandstones that
are interbedded with or bounded by less permeable rocks. U is leached from source rocks by
migrating oxidized fluids (either along fractures or through pore spaces) and precipitated
when the fluids interacts with reducing agents (for example, carbonaceous materials,
hydrocarbons, pyrites, hydrogen sulfide, or ferromagnesian minerals) within the sandstones.
Although it is generally considered that sandstone-hosted deposits formed exclusively after
the appearance of land plants, providing localized reduction centres, Cuney (2010) suggested
that petroleum could be another reducing agent to form sandstone-hosted deposit. The
Paleoproterozoic Franceville Series currently hosts the oldest known U deposit formed after
the GOE, and the deposit is not hosted at the unconformity with the Archean basement, but
exclusively in siliciclastic sediments. It can thus be argued that petroleum migration resulted
in the origin of the oldest sandstone-hosted U deposit long before terrestrial vegetation
evolved.

In order to draw any connection between the occurrence of red beds, sandstone-hosted

deposit, and the redox state of the atmosphere, it is important to understand the composition
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of the sediments and their post-depositional history. Here, we have studied the sediments of
Paleoproterozoic FA Formation in the Franceville Basin, which represents one of the world’s
oldest unmetamorphosed sedimentary successions with well-preserved red-colored sediments,
and therefore provides insight into the origin of red beds on the early Earth. The petrography
and depositional framework of the FA Formation, especially in the study area in the central
part of the basin have been studied in detail by Weber (ms, 1968), Haubensack (ms, 1981),
Gauthier-Lafaye (ms, 1986), Gauthier-Lafaye and Weber (1989), Ossa Ossa (ms, 2010),
Bankole and others (2015), and Bankole (ms, 2015).

This study presents combined petrographic, whole-rock and stable Fe isotope
geochemical data to constrain the origin and the environmental conditions for the
development of hematite (specifically relative timing and mechanism for its formation), and
the sequence of diagenetic redox changes reflected in colors of the sediments in the
Paleoproterozoic FA Formation, Franceville Basin, Gabon. The Franceville red beds are
particularly important since they are thought to have formed in the middle part of the GOE.
They are associated with the U deposits that are unique since they are not placer- or
unconformity-type deposits, but are hosted in a siliciclastic succession, and yet are too old to
be a classical sandstone-hosted U deposit since they precede the appearance of terrestrial

vegetation by more than 1.5 Ga.

GEOLOGICAL BACKGROUND
The Paleoproterozoic Franceville Basin is one of the four basins that constitute the
extensive Francevillian Series in south-eastern Gabon (figs. 1A and 1B). The Francevillian
Series is a 1 to 2.5 km thick unmetamorphosed volcanoclastic sedimentary succession
deposited during the early Paleoproterozoic at ca. 2.15 Ga (Gauthier-Lafaye and Weber, 1989;
Bros and others, 1992; Gauthier-Lafaye, 2006; Préat and others, 2011; El Albani and others,

2014). The lithostratigraphy of the Francevillian Series is most complete in the Franceville
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and Okondja basins, and has been divided into five different formations: FA to FE (fig. 2;
Weber; ms, 1968).

The FA Formation, which if the focus of this study, unconformably overlies the
Archean granitoid basement rocks (Feybesse and others, 1998) and is predominantly
composed of fine- to coarse-grained sandstones and conglomeratic sandstones that contain
minor interbedded mudstones. Due to the complex lithofacies variations in the central part of
the basin, the spatial distribution of the FA Formation rocks have been subdivided into five
different zones that correspond to different sedimentary environments (fig. 3; Haubensack,
ms, 1981; Gauthier-Lafaye, ms, 1986; Gauthier-Lafaye and Weber, 1989). The lowermost
Zone 4 is composed mainly of medium- to coarse-grained sandstones and conglomeratic
sandstones with minor thin interbedded mudstones. The Otobo series is composed of
alternating sandstones and fine- to coarse-grained sandstones and mudstones in a coarsening-
upward sequence. Zone 3 is composed mainly of thick bedded, fine-grained sandstones with
interbedded medium- to coarse-grained sandstones and mudstones. Zone 2 is predominantly
fine- to coarse-grained sandstones with minor interlayered mudstones, while Zone 1 is
dominated by medium- to coarse-grained sandstones. Depositional setting of the FA
Formation rocks have been interpreted to have evolved from fluvial at the base through
deltaic and tidal-deltaic in the middle to fluvio-deltaic or coastal deposits in the upper part
(Haubensack, ms, 1981; Gauthier-Lafaye, ms, 1986; Gauthier-Lafaye and Weber, 1989).

The FA Formation sedimentary rocks have been subjected to a complex diagenetic
alteration processes (Gauthier-Lafaye, ms, 1986; Ossa Ossa and others, 2014; Bankole and
others, 2015). The colors typically range from red to green to black from the base to the top.
However, in details, the color is independent of rock types and does not follow this
stratigraphic trend; color changes cut through stratigraphic bedding with reduction and
oxidation spots formed in some instances due to diagenetic overprinting (Haubensack, ms,

1981; Gauthier-Lafaye and Weber, 2003). The basin’s uranium deposits are commonly
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associated with solidified hydrocarbon within tectonic structures and sit close to the redox
boundary between the FA and FB formations (Gauthier-Lafaye, ms, 1986; Gauthier-Lafaye
and Weber, 1989 and 2003). The hydrocarbon is thought to have migrated from the FB
Formation into the FA Formation along micro-fractures where the FB Formation is
structurally positioned below or adjacent to the FA Formation (Gauthier-Lafaye, ms, 1986;
Gauthier-Lafaye and Weber, 1989 and 2003). Uranium mineralization in the FA Formation
yields a U-Pb age of 2050 + 30 Ma for ore formation (Gancarz, 1978), and 1950 + 30 Ma for
remobilization, which coincides with the age of the natural nuclear fission (Ruffenach, 1978;
Holliger, 1988; Naudet, 1991). The depositional age of the FA Formation remains poorly
constrained.

The marine FB Formation overlies the predominantly fluvial FA Formation and
consists of alternating sandstones and black mudstones (shale and siltstone) (Azzibrouck-
Azziley, ms, 1986; Gauthier-Lafaye, ms, 1986; Gauthier-Lafaye and Weber, 1989; Pambo,
ms, 2004). The black mudstones are rich in organic matter with total organic carbon content
up t010% (Cortial and others, 1990). Timing of petroleum generation and early diagenesis in
the FB Formation is constrained by Sm-Nd isotopic ages of 2099 + 115 Ma and 2036 + 79 Ma
on <0.4 um and <0.2 um clay fractions, respectively (Bros and others, 1992). Authigenic
illites from <1.5 pm and <2.0 um clay fractions from the upper part of the FB1 unit (fig. 2)
gave an apparent Rb-Sr isochron date of 1870 + 50 Ma for the late diagenesis (Bonhomme
and others, 1982).

The overlying FC Formation consists of massive dolostones and thick, banded
stromatolitic cherts that are interpreted as shallow-marine deposits (Weber, ms, 1968;
Gauthier-Lafaye and Weber, 2003; Préat and others, 2011). The FD Formation is
predominantly black shale succession with thin interbedded fine- to medium-grained
sandstones capped by welded tuff. It was deposited in a shallow-marine, reducing

environment with episodic input of volcanic materials (Thiéblemont and others, 2009). The
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youngest formation, FE, is composed of epiclastic, fine-grained sandstones and interbedded
shale (Gauthier-Lafaye and Weber, 1989; 2003; Préat and others, 2011; Thiéblemont and
others, 2014) and probably developed via erosion of the Paleoproterozoic Ogooué orogenic

belt present to the northwest of the Franceville Basin (fig. 1; Thiéblemont and others, 2009).

SAMPLES AND METHODS
Samples and Study Area

About seventy sandstone and mudstone samples of the FA Formation from eight drill
holes in the central part of the basin (GR3, GR 15, GR 23, GR 22, GR 25, KA 13, KA 27, and
KA 29; fig. 1) were examined in this study. Six of the studied drill holes form a north to south
transect (fig. 3). The thickness of the FA Formation in the investigated drill holes varies from
500 to 1000 m. Among the studied drill holes, complete core coverage of the FA Formation is
only available for GR 15 drill hole (fig. 1), which was drilled to 993 m depth and stopped
before the intersection with the basement. The basal ~500 m in GR 15 drill hole (fig. 4) are
mainly red to pink coarse- to medium-grained sandstones and conglomeratic sandstones with
minor thin interbedded mudstones. These are followed by ~100 m of alternating green and red
to purple mudstones and fine- to coarse-grained sandstones that are overlain by ~200 m of
predominantly red-colored, fine-grained sandstones with interbedded medium- to coarse-
grained sandstones and mudstones. The uppermost part consists of ~200 m of alternating
green and gray to black fine- to coarse-grained sandstones with interbedded mudstones

towards the top.

Analytical Methods
Petrography.—Polished thin sections of representative samples were examined with
optical microscopy (in transmitted and reflected light) and scanning electron microscopy

(SEM) equipped with energy dispersive spectroscope (EDS) for mineralogical and textural
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characterization, and analysis of elemental mineral composition. Selected representative thin
sections were carbon coated and examined in SEM-EDS backscattered electron (BSE)
imaging mode using a JEOL JSM 6400 electron microscope operated at accelerating voltage
of 15Kv, 1nA probe current, and working distance of 16.5mm at the University of Poitiers,
France.

X-ray diffraction (XRD).—XRD was performed on selected samples for bulk and clay
mineral composition analyses. XRD analyses were carried with a Bruker D8 ADVANCE
diffractometer using CuKa radiation, operated at 40 kV and 40 mA and 0.025 s per step
counting times. The <2 um clay mineral fraction was extracted by dispersion with an Elma
S60 ultrasonic agitation device of gently hand crushed bulk samples in deionized water
without any chemical pre-treatment (Moore and Reynolds, 1997). The dispersed suspensions
were gravity settled at a controlled room temperature of 20°C and centrifuged to separate <2
pm clay fraction. Oriented slides of <2 um clay fraction were prepared by sedimentation on
glass slide and analyzed over the 2-35°260 angular range after air-drying at room temperature
(AD), ethylene glycol (EG) treatment, and heating to 550°C for 4 hrs. The powdered bulk
rock samples were examined over the 2-65°26 angular range. X’pert High Score software was
used for indexing of diffraction peaks and identification of mineral phases by comparison
with International Centre for Diffraction Data (ICDD) files.

Whole rock analyses.—Whole-rock geochemical analyses of major and trace elements
including the rare earth elements were performed on selected samples at Service d’Analyse
des Roches et des Mineraux (SARM) of the Centre des Recherches Petrographiques et
Geochemiques (CRPG), Nancy, France. Fifty representative samples were carefully selected
to represent different rock types and color variations. After powdering and homogenization in
agate mortar, each sample was fused with lithium metaborate (LiBO,) and dissolved in nitric
acid. Major element contents were measured by inductively-coupled plasma atomic emission

spectrometry (ICP-AES), while trace element, including rare earth element, concentrations
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were measured by inductively-coupled plasma mass spectrometry (ICP-MS). All major
elements and few trace elements (U, Th, and Cr) are reported in this study. In addition, FeO
concentrations were also measured for twenty-five powdered samples by titration. Ferric iron
oxide contents (Fe,O3) were determined as the difference between the concentration of total
iron (Fe,O3)t and ferrous iron (FeO).

Fe Isotope analysis.—Iron isotope ratios were measured for thirty-two representative
whole-rock samples selected based on their color: red and green. The laboratory procedure for
sample preparation, chemical purification, and Fe isotope analysis is described in details in
Rouxel and others (2005, 2008a) and Craddock and Dauphas (2011). The Fe isotope ratios
(°°Fe/**Fe and *"Fe/**Fe) were measured on a multiple-collector ICP-MS (Neptune, Thermo
Scientific) operated at the Pole Spectrometry Ocean, IFREMER, Brest, France. The Neptune
instrument permits high-precision measurements of Fe isotope ratios without argon
interferences by using high mass-resolution mode. The instrument was operated on medium
and high resolution modes to resolve the isotopes of interest from the polyatomic
interferences from ArN*, ArO*, and ArOH" (Weyer and Schwieters, 2003). Instrumental
mass-discrimination was corrected by sample-standard bracketing technique combined with
the use of Ni as an internal standard for mass bias correction as described in Poitrasson and
Freydier (2005). Fe isotope data were normalized and are reported relative to the international
Fe isotope standard IRMM-14, and calculated using the following notations:

8°°Fe = [(*°Fe/**Fe)sample/ C°Fe/*'Fe)irmm-14 -1] * 10°

8°"Fe = [("Fel**Fe)samplel C'Fel*'Fe)irmm-14 -1] * 10°
Based on duplicate analyses of BHVO-2 georeference material, yielding the average &°°Fe
value of 0.11 %o (Barrat and others, 2015), an external precision is 0.07 %o (20 standard

deviation) under the analytical conditions used in this study.

RESULTS
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Lithofacies and Petrography

The FA Formation rock types typical for the studied area are essentially fine- to
coarse-grained sandstones, conglomeratic sandstones, siltstones and mudstones. In this study,
we divide the rock types into 2 main groups based on their grain size: granular (medium- to
coarse-grained sandstones and conglomerate) and fine-grained (mudstones, siltstones, and
fine-grained sandstones). The granular group includes mostly massive, structureless, and
cross-bedded indurated rocks (figs. 5A, 5B, and 5C) that dominate the lower fluvial
lithofacies. Rocks from this group also alternate with rocks from the fine-grained group in the
middle, tidal-deltaic and upper, fluvio-deltaic lithofacies (figs. 3 and 4). They are mostly
composed of poorly to moderately sorted, texturally immature to sub-mature, arkose to sub-
arkose sandstones. The fine-grained rocks are massive (fig. 5D), planar bedded (fig. 5E) with
internally laminated ripples (fig. 5F) and slump structures, lenticularly bedded or cross-
bedded (fig. 5G). They occur as rare interbedded layers in the lower fluvial lithofacies, but are
common in the middle deltaic and tidal-deltaic lithofacies, as well as in the upper fluvio-
deltaic lithofacies (fig. 3). The fine-grained group mostly consists of greywackes composed of
poorly-sorted, angular detrital grains that are contained in fine-grained argillaceous matrix.

The detrital minerals in the sediments are dominated by quartz followed by feldspars
(K-feldspar and plagioclase) and micas (muscovite and biotite) present in substantial amounts.
K-feldspar is present in all the sedimentary units while plagioclase (mostly albite) is very
scarce in the lower fluvial lithofacies, but common in the middle to upper deltaic and tidal-
deltaic facies. Accessory minerals include heavy minerals such as zircon, rutile, thorite,
monazite, ilmenite, and apatite. Lithic fragments are more common in the lower fluvial
lithofacies. The detrital and heavy minerals have experienced various degrees of compaction,

dissolution, and replacement by authigenic mineral phases.

Diagenetic Facies and Authigenic Minerals
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The authigenic minerals in the sediments include iron oxide (hematite), anhydrite,
barite, calcite, chlorite, illite, pyrite, gypsum, and quartz overgrowths, and they vary
considerably with depth and color. Variations in sediment color (fig. 5) are due to the
difference in the distribution of the authigenic minerals, especially iron oxide. Four diagenetic
facies are distinguished: red, green, black/gray, and the less common white (fig. 5B).

Red (oxidized) facies.— Sediments of these facies are red to pink or purple in core
samples, and are mostly found in the lower fluvial, deltaic, and tidal-deltaic lithofacies. There
seems to be a strong dependence of color on grain size in that the fine-grained sediments have
stronger red-color saturation than the granular sediments. Hematite in the fine-grained
sediments commonly occurs as finely dispersed grains in the argillaceous matrix, replacement
of mica (mostly biotite) along cleavage planes (figs. 6A and 6B), and filling of pore spaces. In
rare instances, hematite pseudomorphs of altered trellis-type ilmenite are also present (fig.
6C).

In the granular, red tidal-deltaic lithofacies, in addition to being dispersed in the
argillaceous matrix and replacing mica, hematite also occur as pore-filling crystals (fig. 6D),
coating detrital grains (figs. 6E and 6F), and postdating authigenic carbonate and anhydrite
cements (see appendix fig. A-1A and 1B). Thin coatings of hematite on detrital grains (quartz
and feldspar) are rare and mostly poorly developed when observed. The coatings are
sometimes developed at grain contacts (figs. 6D, 6E and 6F) and covered by thin quartz
overgrowths or encased by calcite cement (fig. 6E). Quartz overgrowths and calcite cement
preserve reddish hematite rims in such cases. K-feldspar and albite grains have been highly
altered and are mostly replaced by illite and calcite. Chlorite was observed only in few
instances. Biotite is altered and commonly replaced by titanium oxide and hematite. In few
instances, euhedral hematite grains occur within massive hematite cement and clay minerals.
The carbonate is mainly non-ferroan calcite and generally present in small amounts filling

pores spaces (fig. 6E).



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

Unlike in the tidal-deltaic lithofacies, hematite in the granular lower fluvial lithofacies
commonly occurs in association with titanium oxide along open cleavages and surfaces of
mica (mostly muscovite) (see appendix, figs. A-1C and 1D). Pore-filling and grain-coating
hematite is very rare to absent in the lower, fluvial granular rocks. Carbonates and chlorite are
also absent while illite is the only clay mineral.

Anhydrite is abundant authigenic cement in both the granular lower fluvial and tidal-
deltaic lithofacies. It commonly fills pore spaces with poikilotopic texture in most cases,
enclosing corroded detrital quartz and feldspar, and often in association with later-formed
barite. Anhydrite appears to postdate quartz overgrowths in most occurrences. Hematite
postdating and predating anhydrite was also observed in the granular red tidal-deltaic
lithofacies.

Green and black/gray (reduced) facies.— Sediments of these facies dominate the
upper part of the formation in the fluvio-deltaic lithofacies. They also occur sporadically
within the reddish tidal-deltaic and deltaic lithofacies in the middle part of the formation,
mostly as green reduction spots or zones (Fig. 5D and H). Hematite is very rare in these
greenish and blackish facies. Pyrite occurs as euhedral to amorphous, secondary pore-filling
crystals (fig. 6G). In few instances, pyrite occurs along grain edges replacing detrital grains,
and also in association with chlorite. Carbonates consist essentially of dolomite with traces of
non-ferroan calcite. Illite and Fe-rich chlorites are present in varying proportions and
dominate the pore spaces. In the green-colored samples, Fe-rich chlorite is abundant
predominantly in the matrix. Biotite, albite and K-feldspars are variably preserved with highly
chloritized to partly altered varieties. Gypsum and barite are present in small amounts filling
pore spaces in few green samples. The pore space of the gray to black samples is partially
filled with solidified pyrobitumen (Fig. 6H).

White (bleached) facies.—The rarely occurring granular white facies is restricted to the

lower part of the formation and observed only in GR 15 drill hole in this study. Hematite and
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pyrite are completely absent, and illite, anhydrite, and barite are the main minerals in cement
with well-preserved secondary pore spaces.

The paragenetic sequence of the authigenic minerals in relation to fluid migration and
uranium mineralization in the FA Formation in the central part of the basin is presented in

figure 7.

Clay Mineralogy and Chemistry

XRD analysis of oriented clay fraction (<2 um) of representative samples indicates
that illite and chlorite are the only clay minerals in the samples with no evidence of illite-
smectite mixed-layer clay minerals (fig. 8). While illite is present in all lithofacies, chlorite is
restricted to the tidal-deltaic and fluvio-deltaic lithofacies, and is less common in the red-
colored facies. XRD patterns (fig. 8), coupled with compositional data (fig. 9; table A-1),
show that chlorite in the fine-grained samples, regardless of their color, is Fe-rich (chamosite)
as indicated by the relatively strong even-order peaks relative to odd-order peaks. On the
other hand, chlorite in the granular, red samples is Mg-rich chlorite (clinochlore) as pointed
by strong odd- and even-order peaks (fig. 8 and 9). Petrographic evidence reveals that both
illite and chlorite occur as feldspar and mica replacements as well as pore fillings in the
reduced facies. Although very rare and small in size, chlorite in the red-colored facies is

mainly found within the matrix.

Whole-rock geochemistry
Analyses were made on 50 selected, representative red (24), green (9), and gray to
black (17) samples. The geochemical data (see appendix table A-2) and scatter diagrams for
major elements are shown on figure 10. Major oxides were normalized to silica to account for
“dilution” with quartz. Concentrations of major oxides in fine-grained sediments appear to be

independent of color. Granular sediments are characterized by high and variable
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concentrations of SiO, and CaO (figs. 10A and 10B), but lower Al,O3 (fig. 10A), K50 (fig.
10C), Fe,O3r (fig. 10D), and TiO, contents (fig. 10E) compared to the fine-grained sediments.
Samples have variable MgO and Na,O concentrations (figs. 10F and 10G), but the average
content of Na,O tends to decrease with decreasing grain size while concentration of MgO
tends to increase with decreasing grain size.

Al,O3 content exhibits strong negative relationship with SiO, (fig. 10A), which is
typical of siliciclastic sediments. SiO,-normalized Al,O3 exhibits strong positive correlation
with K;O (fig. 10C) in all rock types. CaO shows no correlation with Al,O5 (fig. 10B) and
other major oxides, with a large spread in the granular sediments suggesting that these oxides
are hosted in different minerals. Fe,Ost shows a moderate correlation with Al,03/SiO; in the
granular sediments, but exhibit no significant trend in the fine-grained sediments (fig. 10D).
TiO, displays significant positive correlation with Al,O3 in the granular sediments and in
some fine-grained sediments (fig. 10E). Na,O and MgO do not show any relationship with
Al,O3in all rock types (figs. 10F and 10G). These scatter diagrams indicate that the different
geochemical characteristics exhibited by major elements might be controlled by mineralogy
(for example, type of authigenic cement) and grain size. High content of CaO in the granular
sediments might be related to carbonate and sulfate cements, whereas K,O, Al,O3, and TiO,
contents appear to be controlled by silicates (mostly illites and K-feldspars) in all sediments.
MgO and Fe,O3t are mainly hosted in silicate minerals such as biotite and chlorite. Fe,O3 and
FeO do not display any significant relationship with other major elements and the fine-grained
samples are more enriched in Fe,O3 relative to the granular samples, and most of the fine-
grained, red facies have higher Fe,O3; contents than fine-grained, green facies (fig. 10H).
Based on the Fe,O3 and FeO variations (fig. 10H), high Fe,O3 contents in most of the fine-
grained sediments reflect hematite enrichment, while Fe in the granular and few fine-grained

samples is likely hosted by silicates or magnetite.
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U and Th contents of the sediments do not appear to vary significantly with color and
oxidation state, but are somewhat grain size-dependent, in that fine-grained sediments have
higher concentrations than sandstones with few exceptions (see appendix TA-2). U/Th ratios
in the fine-grained samples range from 0.15 to 0.47, whereas the granular samples have U/Th
ratios ranging from 0.15 to 0.69. There is no significant difference in U/Th between the fine-
grained and granular sediments with the exception of three samples: lower fluvial, red-colored
granular sample GR 15 711.1, enriched in REE, has the lowest U/Th (0.03) and appears to be
U-depleted, while gray-black, granular KA 29-134.6 and gray-black, fine-grained KA 27-
114.75 samples from the upper part of the tidal-deltaic lithofacies are relatively enriched in U

with U/Th of 10.17 and 3.19, respectively (fig. 11).

Fe content and Fe isotope composition

Most of the fine-grained red (oxidized) samples have higher total iron (Fet) and ferric
iron (Fe**) contents than the associated reduced samples (table 1; fig 12A). The Fer contents
in the fine-grained gray to black facies range from 1.13 to 3.76 wt.% with the average of 2.19
wt.% (n = 14), 1.98 to 4.67 wt.% with the average of 2.85 wt.% (n=7) in fine-grained green
facies, and 2.04 to 9.85 wt.% with the average of 4.47 wt.% (n = 16) in fine-grained red
facies. Fe**/Fer are slightly higher in the fine-grained red facies, ranging from 0.75 to 1.00
with the average of 0.91 (n = 16) than in the green facies that have ratios ranging from 0.71 to
0.92 with the average of 0.72, except for two red facies samples (GR15-50.9 and GR25-
194.25) with ratios less than 0.5 (table 1; fig 12A). Remarkably, most of the fine-grained,
green facies are more enriched in Fe** than in Fe®*, which is unusual for reduced sediments
that should be enriched in Fe** due to redox control. Similarly, fine-grained samples with both
oxidized and reduced components (figs. 5D, 5F, and 5H) have generally invariable Fe**

content, while Fe** content is systematically higher in red components.
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In contrast, the granular samples have much lower Fet contents compared to the fine-
grained samples (fig. 12A). The granular red facies have Fet content ranging from 0.16 to
1.43 wt.% with the average of 0.51 wt.% (n=6) and Fe>*/Fer ratios ranging from 0.1 to 0.89
with the average of 0.63 (n=6). The granular green facies contain 0.16 to 4.77 wt.% Fer with
the average of 1.02 wt.% (n=3), whereas the granular bleached facies has a near-zero Fer
content (0.04 wt.%; fig. 12). Variations in major elements (including Fe) are mainly due to
"dilution™ with detrital quartz and other non-ferric minerals (fig. 10). Hence, samples might
contain hematite, while being depleted relative to the average continental crust due to this
"dilution™ effect. Overall, only three fine-grained red facies samples (GR15-250.3, GR15-
295.8, and GR15-825.75) have higher than the average continental crust Fet content (Fer =
6.71 wt.%; Rudnick and Gao, 2004; fig 12A and B).

Selected samples analyzed for Fe isotope composition are fine-grained red and green
facies that have considerable Fer content and wide range of Fe/Al and Fe/Mg. In addition,
some granular red facies samples were also analyzed. With the exception of three samples
(GR15-825.75, GR15-282, and GR15-312.8), Fe isotope composition of all the samples, have
high 8°°Fe values relative to the bulk silicate Earth, which is estimated at 0.00+0.05 %o (for
example, Beard and others, 2003b; Beard and Johnson, 2004a; Teng and others, 2013; Barrat
and others, 2015; table 1 and table 2; fig. 12B). The fine-grained green samples display
variable but positive bulk sample §°°Fe values, ranging from +0.16 %o to +0.98 %o with the
average of +0.44 %.. The fine-grained red samples also have predominantly positive 5°°Fe
values, ranging from +0.11 %o to +0.80 %o with the average of +0.36 %o except for one Fer
enriched sample (GR15-825.75) with lower &°°Fe value of -0.03 % (fig 12B; table 1). In
contrast, granular red samples have much lower near-to-crustal §°°Fe values, ranging between
-0.23 %o and +0.19 %o with the average of 0.03 %o.. There is no significant correlation between
Fe content and Fe isotope composition in fine-grained green and granular red samples,

whereas fine-grained red samples show weak negative correlation (fig. 12B). Similarly, 5°°Fe
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composition is unrelated to sediment color, but appears to depend on sediment grain size. The
8°Fe and Fer values are considerably higher in most of the fine-grained red and green
samples compared to granular red samples (fig 12B). Overall, the ~1.0 %o range of §°°Fe
values in the fine-grained samples is surprisingly large compared to clastic sediments that
generally show §°°Fe values similar to bulk silicate Earth (for example, Rouxel and others,

2003; Beard and others, 2003b; Beard and Johnson, 2004a; Severmann and others, 2006).

DISCUSSION
Origin and Time of Hematite Formation in FA Formation Red beds

Three main models have been discussed by Turner (1980) and Mucke (1994) to
explain the origin of hematite pigments in continental red beds. These are: (1) primary origin
through the erosion and redeposition of lateritic soils (Krynine, 1950) and dehydration of
ferric hydroxides (Van Houten, 1961); (2) intrastratal alteration and ultimately dissolution of
ferromagnesian silicates during burial diagenesis on contact with oxygenated water (Walker,
1967; Walker and others, 1978); and (3) secondary (late-stage) origin through surface
weathering, erosion, and uplift of drab strata (Mucke, 1994). The first model favors detrital
origin of hematite and sediments were already red when they were deposited, whereas models
2 and 3 support formation of hematite after deposition and sediments were not originally red
when they were deposited. Hence, deciphering the time and mechanism of hematite formation
is essential to discriminate between these models.

The time of hematite formation can be best constrained relative to the period of
sediment deposition by establishing hematite relationship with detrital and authigenic mineral
phases. Interpretation of our petrographic data suggest that hematite pigmentation in the FA
Formation red beds formed through early diagenetic processes as discussed below. The
earliest recorded hematite pigmentation involves partial reddening of the deltaic and tidal-

deltaic lithofacies by the formation of poorly developed thin hematite rims on detrital grains.
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Presence of hematite between detrital quartz and authigenic quartz overgrowths and at points
of grain contact (figs. 6E and 6F) illustrates that iron oxide precipitation via interaction with
oxidized fluids in the tidal-deltaic lithofacies likely occurred before authigenic quartz
overgrowths formed during early burial. The hematite rims could have formed from Fe
derived from dissolution or alteration of unstable iron-bearing silicates and oxides or from
infiltration of oxidized meteoric water during burial (Walker, 1967; Judd and others, 1970;
Turner, 1980).

The quartz overgrowths, occasionally in optical continuity with the detrital host,
uncommonly preserve early hematite coatings (fig. 6F). Eriksson and Cheney (1992)
cautioned that presence of hematite coatings on grains is not sufficient to constrain redox
conditions before or during deposition. For example, grain-coating hematite could form
during transportation before sediment deposition or by infiltration of oxidized fluids after
deposition. However, the rarity of hematite at grain contacts and as coatings coupled with
absence of features, such as abraded quartz cement, that would protect hematite during
transportation suggest that they were not surface phenomenon, but occurred long after
sediment deposition. The presence of hematite on grain surfaces and on other authigenic
cements (anhydrite, calcite, and clays) and in pore spaces (fig. 6F) demonstrates protracted
precipitation of hematite during diagenesis, and this suggests long-lasted, oxidizing nature of
migrating fluids during burial. This means that hematite likely precipitated after the influx of
oxidized meteoric water that dissolves the calcite, sulphates (gypsum and anhydrite), and clay
(chlorite and illite) cements during burial diagenesis.

On the other hand, absence of pore-filling, pore-lining, and grain-rimming hematite on
detrital grains and at points of grain contact in the red lower fluvial lithofacies might suggest
total absence of hematite coatings during deposition or dissolution during deeper burial.
Reddening in the lower fluvial lithofacies is thus thought to be exclusively diagenetic in

origin likely related to hematite replacement of detrital iron-rich silicate precursor during
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alteration. Evidence for later hematite replacement is best preserved in altered iron-bearing
detrital grains, predominantly biotite and, rarely, ilmenite (figs. 6A, 6B, and 6C) in all the red
samples. Iron and titanium may have been liberated from biotite during diagenesis, which
could have promoted precipitation of leucoxene and hematite along cleavage planes.
Similarly, the pseudomorphic trellis texture preserved in a few samples suggests alteration of
ilmenite into leucoxene and hematite (fig. 6C). These observations provide strong evidences
for in situ replacement of original precursor minerals (biotite and ilmenite) by hematite during
alteration. Replacement could have involved intrastratal dissolution of iron silicate minerals
by circulating oxidized fluids or infiltration of surface water and subsequent precipitation of
hematite during diagenesis. This is consistent with models 2 and 3 suggesting that
authigenesis of hematite took place after sedimentation and continued into late burial
diagenesis.

Presence of hematite and Fe-deficient chlorite in the granular red-colored tidal-deltaic
lithofacies could have resulted from interstitial oxidation of Fe?* in Fe-chlorite with
precipitation of hematite due to influx of oxidized meteoric waters during the later oxidation
event (fig. 7). This interpretation is favored by the presence of Fe-rich chlorite in most of the
fine-grained red facies compared with Mg-enriched chlorite in the granular red facies (fig. 9).
Furthermore, the difference between the chemistry of chlorites in fine-grained red facies
where Fe is retained and granular red facies (fig. 7) might be due to their permeability
difference. In this manner, the late, migrating oxidized fluids would have been restricted in
low-permeability fine-grained sediments where sharp redox (red to green) boundaries are
often observed within the deltaic lithofacies.

In addition to hematite, pore-filling and replacive carbonates, which are mainly calcite
in the granular red-colored sandstones, formed during early diagenesis. The calcite is typically
non-ferroan, since iron in ferric state does not easily incorporate into carbonate mineral

structure. Pore-filling (fig. 6G) and grain-replacing pyrite precipitated at reduction fronts, in
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what are now the reduced facies. No further diagenetic minerals or changes are found

following pyrite precipitation.

Paleo-redox Conditions Recorded by FA Formation Sediments

Unlike sandstones, fine-grained sediments are less affected by alteration processes due
to their low permeability to post-depositional fluids. The geochemical and isotopic
composition of these sediments may thus help to constrain paleo-redox condition during
deposition of the Paleoproterozoic FA Formation. Fe isotopes have been extensively used to
trace biogeochemical redox cycling of Fe in modern sedimentary rocks and pore fluids
because of significant Fe isotope fractionations that result from redox fluctuations (for
example, Yamaguchi and others, 2005; Severmann and others, 2006 and 2010; Homoky and
others, 2009; Rouxel and others, 2008a; Li and others, 2013a). Fe isotope analysis is
particularly useful for these studies since minerals containing Fe** tend to have high 8*°Fe
values, while minerals bearing Fe?* tends to have low 5°°Fe values. Application of Fe isotope
systematics to constrain biogeochemical processes relies on large fractionation (~3 %.) of Fe
isotopes during both biotic and abiotic Fe oxidation and reduction (Beard and others, 1999;
Welch and others, 2003; Croal and others, 2004; Johnson and others, 2005; Wu and others,
2011). Although identifying robust biosignature in ancient sedimentary rocks remains highly
controversial due to the difficulty to distinguish biotic from abiotic processes (Johnson and
others, 2005; Craddock and Dauphas, 2011; Guilbaud and others, 2011), Fe isotopes in iron
formations and black shales have been used extensively to constrain ancient ocean redox
conditions and Fe cycling in the oceans (Rouxel and others, 2005; Bekker and others, 2010;
Planavsky and others, 2012; Moeller and others, 2014).

Generally, Fe content and Fe isotope composition of sedimentary rocks are primarily
controlled by syn- to post-depositional processes that remove or add Fe resulting in a

combination of detrital and diagenetic minerals with distinct Fe isotope compositions. Fe
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enrichment and depletion relative to the bulk continental crust can be clearly recognized with
Fe/Ti (Werne and others, 2002) and Fe/Al (Lyons and others, 2003), provided that the
lithogenic end-member is similar to the average continental crust. In clastic sedimentary
rocks, major element composition is essentially controlled by the relative abundances of
minerals such as quartz (diluting other constituents with SiO5), rock fragments, and a range of
Al- and Fe-Mg-silicates such as feldspar and clay minerals. As illustrated in figure 10, K;0,
Al,O3, and TiO, are relatively well correlated with each other, while SiO, is unrelated to any
other major element being quartz-controlled.

In organic-poor siliciclastic rocks, minerals that are responsible for bulk-rock Fe
isotope composition that deviates from zero include ferric oxide/hydroxide, iron-rich
carbonates, and magnetite (Beard and Johnson, 2004a). Detrital and authigenic silicates have
8°°Fe values close to zero, resulting in Fe isotope composition of weathering products and
clastic sedimentary rocks (example, oceanic turbidites, aeolian and fluvial sediments,
suspended river load, loess, and aerosols) being similar to crustal values (Beard and others,
2003b; Beard and Johnson, 2004a; table 2). Since silicates and hematite are the main Fe-
bearing minerals in the studied samples, we plotted (K,O+NayO)/Al,O3 versus
Fe,O31/(Fe,031+MgO) to explore mixing between various silicate minerals and hematite. The
bulk-rock compositions fall in the biotite-hematite-illite triangle field (fig. 13A). Most of the
samples plotted close to the biotite-hematite mixing line suggesting that biotite (and its
alteration products) and iron oxides (hematite) are the principal mineral hosts for Fe;
however, contribution from chlorite cannot be excluded. Moderate correlation between Fe/Mg
and 5°°Fe values in all samples (R? = 0.6; fig. 13B) suggests that positive Fe isotope values
are related to hematite addition (resulting in increase of Fe/Mg), while low Fe/Mg and §°°Fe
values reflect silicate abundance. The fact that 5°°Fe values and Fe/Mg positively correlate
clearly argues against in situ Fe (I1l) reduction (for example, via microbial dissimilatory

reduction) that would result in a loss of isotopically light Fe, leaving a residue enriched in
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heavy isotopes (for example, Beard and others, 2003b; Beard and Johnson, 2004a; Wu and
others, 2012). In this case, Fe isotope values would produce an inverse relationship with
Fe/Mg ratios.

Overall, the range of 8°°Fe values (table 1; figs. 12B and 13B) is very large, which is
quite remarkable considering the relatively modest Fe enrichment with respect to the average
crustal value (table 2); in addition, the largest range in 5°°Fe values is in the fine-grained
samples. The range of positive values, up to 1 per mil, is similar to that found in
Paleoproterozoic and Archean iron formations (for example, Bekker and others, 2010, 2014;
Planavsky and others, 2012), suggesting partial Fe oxidation under mildly oxidizing
conditions during early diagenesis resulting in origin of red beds. Then hematite precipitates
under highly oxidizing conditions and neutral pH, it is expected that Fe (Il) oxidation would
be quantitative (for example, Kuma and others, 1996), resulting in &°°Fe values of the
precipitate being similar to that of initial Fe (Il) in water column that is probably near or
below the average continental crust value. Therefore, the high 5°°Fe values are not consistent
with iron oxyhydroxide precipitation under strongly oxidized conditions, but rather with
partial oxidation of Fe (11) under mildly oxidized conditions. Small range in 8°°Fe values for
the granular red facies (table 1 and figs. 12B and 13B) with a mean value of 0.03 %o suggests
Fe-derivation from crustal alteration.

Another evidence for mildly oxidizing conditions during deposition of the FA
Formation is that Cr enrichment when normalized to Fe (Cr/Fe) shows good correlation with
8°°Fe values, especially for the fine-grained sediments (R? = 0.95 for the red facies of the fine-
grained sediments without one outlier; fig. 14). This is a strong evidence for authigenic Cr
enrichment, where Cr is mobilized as Cr (VI) in weathering surficial environments under
strongly oxidizing conditions (Frei and others, 2009; Konhauser and others, 2011) and is
scavenged when Fe (1) oxidized at a redoxcline leading to the precipitation of iron

oxyhydroxides with heavy Fe isotope values and Cr enrichment.
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Most of the fine-grained red samples have higher Fe**/Fer values than the fine-grained
green samples (figs. 12A and 15), and they both display variability in Fe**/Fer that indicates
redox-induced Fe mobility. It is clear that the reduced green facies with lower Fe**/Fer ratios
have similar positive 8°°Fe values to the oxidized red facies (fig. 16), suggesting that 8*°Fe
values are unrelated to Fe**/Fer and color, albeit being the result of partial Fe oxidation. This
strongly suggests that isotopically heavy hematite or its precursor with *°Fe-enriched Fe®'
were initially present and conserved in some cases, and the green facies likely formed later by
replacement of the red facies under more reducing intrastratal conditions. Under these
conditions, newly formed clay minerals of the green facies (illite and chlorite) would retain
the initial (heavy) Fe isotope composition of the protolith/precursor. Reducing conditions are
expected to develop during diagenesis in basinal fluids and may lead to Fe mobility. Fe
concentrations and Fe/Mg ratios (fig. 13B) however suggest that loss of Fe was moderate and
did not result in significant depletion in light Fe isotopes through their preferential release
with Fe?*. Replacement of the green facies with the red facies does not seem plausible since
late-stage oxidation, for instance through circulation of oxidizing fluids, would not generate
positive 5°°Fe values considering that Fe would be quantitatively immobilized during this
fluid-rock interaction in an oxygenated environment. Low mobility of Fe** and conservative
behavior of Fe during this process would result in preservation of the original Fe isotope
composition (Beard and others, 2003b; Beard and Johnson, 2004a). Preservation of heavy Fe
isotope values relative to the average continental crust, which was interpreted as a signature of
partial Fe**-oxidation, has also been observed in the Early Archean rocks such as jaspers, BIF,
and ferruginous schists (Dauphas and others, 2004; Yamaguchi and others, 2005; Czaja and

others, 2013; Li and others, 2013a).

Implications for the Origin of the Uranium Deposits in the Franceville Basin
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Models and mechanisms for the origin of the redox-controlled U mineralization in the
FA Formation of the Franceville Basin have been discussed by Gauthier-Lafaye (1986),
Gauthier-Lafaye and Weber (2003) and Gauthier-Lafaye (2006). These studies emphasized
the rise of atmospheric oxygen during the GOE, leaching of U-bearing conglomeratic
sandstones in the lower fluvial sandstones and upward U-mobilization by oxidized basinal
fluids along faults, fractures, and zones of permeability, and precipitation of the liberated U in
the upper part of the FA Formation when basinal fluids interacted with reduced fluids bearing
hydrocarbons that were derived from the FB Formation.

Our geochemical data tend to provide clue on the source of U in the basin. Uranium
and thorium contents in nearly all lithofacies and diagenetic facies reflect the amount present
in the original detrital material based on the small range of the U/Th ratios irrespective of the
oxidation state and lithology (fig. 11). Although the source for U mineralization remains to be
unconstrained (either Archean basement or basal oxidized sandstones), its precipitation at the
interface with the reduced sediments furnished U mineralization in the oldest known
sandstone-hosted deposit in the FA Formation of the Franceville Basin. Heterogeneous
distribution of U likely reflects further constraints by the structural evolution of the basin in
controlling fluid pathways leading to the mineralization process. The model requires an
oxygenated atmosphere and a recharge area for the leaching oxidized fluids. Thus, a well-
oxygenated atmosphere is required during the mineralization at ca. 2.0 Ga (ca. 0.35 Ga after
the GOE; Bekker and others, 2004), the suggested age of U mobilization in the Franceville
Basin. The recharge zone for the oxidized fluids in the Franceville Basin might have
developed during basin inversion, at the late burial stage of the Franceville Series, to the
northwest of the basin in the mobile orogenic belt of Ogooué (Gauthier-Lafaye and Weber,

1989).

CONCLUSIONS
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The FA Formation consists of immature siliciclastic sediments of fluvial, deltaic, and tidal-
deltaic origin. The lower fluvial sandstones and conglomerates in the central part of the basin
are mostly reddish-pink (oxidized), while the middle to upper parts consist of alternation of
reduced, drab (green, gray, and black) and red, medium- to fine-grained sandstones and
interbedded mudstones. Petrographic evidence shows that ferric oxides are dispersed in clay
filling intergranular pores and developed along platy cleavage in altered phyllosilicates. Based
on the rare presence of hematite as grain coatings and at grain contacts, and on surfaces of
authigenic cements, we infer that hematite precipitation probably started after sediment
deposition and continued during burial diagenesis. Iron was likely supplied internally by
alteration of iron-bearing minerals (predominantly biotite) within the sediments and
redistributed in rocks during late diagenesis under mildly oxidized conditions, but an external
source cannot be totally excluded. The drab color formed much later in contact with reduced
basinal fluids.

U mineralization formed at the reduction front when oxidized basinal fluids, which
circulated along faults, fractures, and zones of permeability, interacted with migrating
hydrocarbons derived from the overlying organic matter-rich FB Formation during basin
inversion. Circulation of oxidized, basinal fluids likely led to the loss of uranium from the
basal, fluvial oxidized sandstones and its enrichment in the reduced sandstone and silty
mudstone in the upper, tidal-deltaic sediments, generating uranium mineralization of the
oldest known sandstone-type deposit in the Paleoproterozoic FA Formation of the Franceville

Basin.
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APPENDICES

Figure A-1 Photomicrographs of hematite: (A-B) postdating calcite and anhydrite cements in
tidal-deltaic lithofacies; (C-D replacing muscovite along cleavage in the lower fluvial
lithofacies.

Table A-1 Chemical composition of authigenic chlorite in the red and green facies of the FA

Formation (structural formula was calculated based on 14 oxygen atoms)

Table A-2 Geochemical composition of the red beds, FA Formation, Franceville Basin,
Gabon
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Figure captions

Fig. 1. (A) Simplified geological map of Gabon showing the Francevillian Series and the
Franceville Basin (Modified after Thiéblemont and others, 2014); (B) Simplified geological
and structural map of the Franceville Basin showing the locations of the drill holes used in
this study (Modified after Ossa Ossa, ms, 2010).

Fig. 2. Lithostratigraphic column of the Paleoproterozoic Francevillian Series in the
Franceville Basin. The focus of this study is the FA Formation. Modified after Gauthier-
Lafaye and Weber, 2003.

Fig. 3. N to S cross-section of the central part of the Franceville Basin near Kiene-Otobo (see
fig. 1 for the locations of the drill holes), showing variations in sediment color within the
basin. Modified from Haubensack (ms, 1981) and Gauthier-Lafaye (ms, 1986).

Fig. 4. Simplified GR 15 drill hole log based on core observations. Some of the selected
samples for this study are shown in figure 5 with their sampling depths. [a: Interpretations are
from Haubensack (1981) and Gauthier-Lafaye (1986)].

Fig. 5. Photographs showing examples of characteristic rock types and colors in red beds of
the FA Formation: (A) massive, structureless coarse-grained red-colored sandstone (fluvial
lithofacies, Zone 4); (B) massive, structureless medium- to coarse-grained white (bleached)
sandstone with large quartz grains at the base (fluvial lithofacies, Zone 4); (C) cross-bedded,
medium- to coarse-grained blackish sandstone (fluviodeltaic lithofacies, Zone 2); (D) massive
and structureless red-green mudstone with sharp discordant redox boundary (arrows; deltaic
lithofacies; Otobo Series); (E) greenish mudstone with plane laminations (deltaic lithofacies,
Otobo Series); (F) fine-grained, reddish sandstone with inclined laminations (tidal-deltaic

lithofacies; Zone 3); (G) silty greenish mudstone with inclined planar bedding above cross-
and flaserbedding (deltaic lithofacies, Otobo Series); (H) surface of a silty mudstone showing
cross-cutting oxidized (red) and reduced (green) spots (deltaic lithofacies, Otobo Series).
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Fig. 6. Photomicrographs of representative samples of the FA Formation: (A) quartz wacke
composed of deformed and hematized biotite (fine-grained, red tidal-deltaic lithofacies; XP);
(B) quartz wacke with pore-filling hematitic pigment within illite matrix and hematized mica
grain (fine-grained, red tidal-deltaic lithofacies; BSE); (C) pseudomorph of hematite after
trellis ilmenite texture in quartz wacke (fine-grained, red tidal-deltaic lithofacies; BSE); (D)
pore-filling and grain-riming hematite in medium- to coarse-grained arkosic sandstone
(granular, red fluvio-deltaic lithofacies; PL); (E) pore-lining and grain-coating hematite
appearing to predate pore-filling calcite (granular, red fluvio-deltaic lithofacies; BSE); (F)
pore-filling and grain-coating hematite. Note hematite between detrital grain contacts and
quartz grains and their overgrowths (granular, red fluvio-deltaic lithofacies; PL); (G) cubic
and euhedral pyrite in the secondary pores of anhydrite in coarse-grained arkosic sandstone
(granular, green deltaic lithofacies; XP); (H) solidified pyrobytumen filling intragranular and
intergranular pore spaces in medium- to coarse-grained sandstone (granular, gray-black
fluvio-deltaic lithofacies; PL). [QO: quartz overgrowth; XP: cross-polarized; BSE: back-
scattered electron; PL: plane-polarized; fine-grained: fine-grained sandstone ; siltstone +
mudstone; granular (medium- to coarse-grained sandstone + conglomeratic sandstone].

Fig. 7. Apparent paragenetic relationship of diagenetic minerals in the FA Formation
sediments. Modified from Bankole and others (2015). [a: Bros and others, 1992; b:
Bonhomme and others, 1982; c: Gancarz, 1978; d: Ruffenach, 1978].

Fig. 8. Representative XRD patterns of clay-size fractions in the studied samples of the FA
Formation. [AD: air-dried; EG: ethylene glycolation].

Fig. 9. Plot of tetrahedral Al against octahedral Fe/(Fe+Mg) cations in chlorite (after Curtis
and others, 1985). Chlorite structural formula is calculated based on 14 oxygens.

Fig. 10. Binary plots of selected major elements: (A) SiO; vs. Al,O3; (B-G) Al,O3/SiO; vs.
CaO/AI203, KzO/A|203, FEzOg/A|203, TiOz/A|203, N&zO/A'zOg, and MgO/A|203,
respectively; (H) Fe,O3 vs. FeO. Line for stoichiometric composition of magnetite (Fe3Oa:
Fe203/FeO = 20:9).

Fig. 11. Plot of U/Th versus total Fe content (Fer).

Fig. 12. Plot of total iron content (FeT) against (A) Fe**/Fer; (B) Fe isotope composition
(°°Fe). The gray area, showing *°Fe = 0.00+0.05%, denotes the **Fe composition and range of
igneous rocks, clastic sedimentary rocks, and the bulk silicate Earth (Beard and others, 2003b;
Beard and Johnson, 2004a). Vertical lines at Fer = 6.71 wt.% represents the average
continental crust value (Rudnick and Gao, 2004).

Fig. 13. Plots of (A) (K,O+Na,0O)/Al,03; against Fe,Os1/(Fe,03T+MgO); (B) Fe isotope
compositions (*°Fe) against Fer/Mg. The gray area, showing *°Fe = 0.00+0.05 %o, denotes the
*®Fe composition and range of igneous rocks, clastic sedimentary rocks, and the bulk silicate
Earth (Beard and others, 2003b; Beard and Johnson, 2004a). [H: hematite; I: Illite; KF: K-
feldspar; B: Biotite].

Fig. 14. Fe isotope composition (*°Fer) plotted against 1000*Cr/Fer. The gray area, showing
%®Fe = 0.00+0.05 %o denotes the *°Fe range of igneous rocks, clastic sedimentary rocks, and
the bulk silicate Earth (Beard and others, 2003b; Baeard and Johnson, 2004a).
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Fig. 15. Fe**/Fer plotted against Fe isotope composition (*°FeT). The gray area, showing *°Fe
= 0.00+0.05 %o, denotes the *°Fe range of igneous rocks, clastic sedimentary rocks, and the
bulk silicate Earth (Beard and others, 2003b; Beard and Johnson, 2004a).

Table caption
Table 1 Fe contents and iron isotope compositions of the FA Formation sediments.

Table 2 Summary of Fe isotope composition of Fe sources and fractionation between Fe
species
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Table 1

' Fe?* | Fe** | Fe 3/ | 8°°Fe 5°'Fe
E(;IILI D(iﬁ;h Rock type | Colour Wt % | wt. % wt.IA) FFeeT/ " 2SD " 2SD
50.90 343 | 159 | 467 | 0.34 | 0.20 | 0.09 | 0.33 | 0.14
oR 1 | 25030 121 | 268|377 | 071
416.60 0.36 | 2.20 | 2.61 | 0.88 | 0.21 | 0.09 | 0.38 | 0.14
492.00 028 | 1.73 | 1.98 | 0.87 | 0.16 | 0.09 | 0.34 | 0.14
104.25 Green | 254 | 1.83 | 412 | 0.44 | 0.21 | 0.09 | 0.25 | 0.14
GR 25 | 196.60 058 | 1.48 | 2.01 | 0.74 | 0.67 | 0.09 | 0.96 | 0.14
197.40 0.69 | 152 | 2.15 | 0.71 | 0.98 | 0.09 | 1.49 | 0.14
R g | 23348 019 | 1.84 | 2.01 | 0.92 | 0.70 | 0.09 | 1.05 | 0.14
234.10 0.33 | 202 | 232 | 087 | 0.69 | 0.00 | 1.02 | 0.14
112.80 140 | 3.98 | 524 | 0.76 | 0.25 | 0.09 | 0.42 | 0.14
181.00 0.72 | 451 | 516 | 0.87 | 0.16 | 0.05 | 0.22 | 0.09
25030 | 0.84 | 6.46 | 7.21 | 0.90 | 0.18 | 0.05 | 0.23 | 0.09
29030 | Fine- 058 | 278 | 3.30 | 084 | 02 | 0.05 | 0.3 | 0.09
GR 15 grained
295.80 112 | 6.35 | 7.36 | 0.86 | 0.16 | 0.09 | 0.28 | 0.14
416.60 021 | 464 | 483 | 096 | 0.11 | 0.09 | 023 | 0.14
492.00 0.16 | 3.25 | 3.39 | 0.96 | 0.25 | 0.09 | 0.41 | 0.14
825.75 neg | 004 | 981 ] 985 | 100 |-003| 009 |-0.15| 0.14
GR o5 | 19195 030 | 257 | 2.83 | 0.91 | 052 | 0.09 | 0.71 | 0.14
194.25 0.44 | 1.80 | 2.19 | 082 | 054 | 0.09 | 0.82 | 0.14
213.50 0.46 | 3.82 | 423 | 0.90 | 0.25 | 0.09 | 0.43 | 0.14
aR 23 | 23280 041 | 332|369 |090| 044|009 ]| 07 | 0.14
233.48 015 | 1.91 | 2.04 | 093 | 0.73 | 0.09 | 1.16 | 0.14
234.10 0.28 | 317 | 342 | 093 | 052 | 0.09 | 0.77 | 0.14
ra | 57435 0.48 | 3.07 | 3.50 | 0.88 | 0.23 | 0.09 | 0.32 | 0.14
589.10 0.40 | 2.98 | 3.34 | 0.89 | 0.20 | 0.00 | 0.45 | 0.14
24310 026 | 1.20 | 1.43 | 0.84 | 0.18 | 0.09 | 027 | 0.14
282 0.16 | 0.02 | 0.16 | 0.10 | -0.06 | 0.05 | -0.09 | 0.09
312.80 0.30 | 0.21 | 0.48 | 0.44 | -0.24 | 0.05 | -0.36 | 0.09
383.60 0.09 | 0.42 | 0.50 | 0.85 | 0.03 | 0.09 | 0.10 | 0.14
GRS 1711 60| Cranular | Red 1516 1 013 | 027 | 0.47 | 0.02 | 0.05 | 0.07 | 0.09
900 0.04 | 020 | 0.24 | 085 | 0.11 | 0.09 | 0.1 | 0.14
976 018 | 1.25 | 1.42 | 0.89
993 0.04

Iron isotopic compositions reported using standard delta notations: §°°Fe = [(Rsampe/Rstandard)-
1]*1000, where R="°Fe/**Fe, standard=IRMM-14 (Rouxel and others (2005, 2008a). S.D:
standard deviation.
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Table 2
Fe sources and Fe species 8°°Fe (%o) References
Major Fe sources-continental:
Bulk igneous rocks 0.00£0.05 Beard and others (2003b)
Phanerozoic weathering products 0.0+0.1 Beard and others (2003a)
Major Fe sources-marine:
Hydrothermal MOR Fe -0.6t0-0.3 Sharma and others (2001)
Beard and others (2003a)
Fluid-mineral-fractionations-Fe** reduction:
Fesq” - Fe** oxide during DIR (equilibrium) -1.3.0£0.1 Beard ande((J)t?tlk()e)rs (1999,
Feaq” - Fe** oxide during DIR (Kinetic) -26t0-1.3  Johnson and others (2005)
2+ . .
 Feag” - FesO4 (magnetite) during DIR -1.3.0+0.1  Johnson and others (2005)
(equilibrium)
Feaq2+- FeCOj; (siderite) during DIR (equilibrium) 0.0£0.1 Johnson and others (2005)
Feaq2+- FeCOj3 (siderite) during abiotic formation +0.4t00.6 Wiesli and others (2004)
Mineral-fluid-fractionations-Fe®* oxidation:
Fe®* oxide-Fe,q - during abiotic oxidation +0.9+0.2 Bullen and others (2001)
Fe®* oxide-Fe,**- during APIO +1.5+0.2 Croal and others (2004)
Aqueous Fe**-Fe?* fractionations at 22 °C:
Fe®" aq-Feag " +2.940.2  Johnson and others (2002)

Welch and others (2002)

8°°Fe values are calculated for *°Fe/**Fe ratios relative to Bulk Earth (see Beard and others,
2003a and b). Table is adapted from Yamaguchi and others (2005). MOR: mid-oceanic ridge;

DIR: dissimilatory iron reduction, AP10: anaerobic photosynthetic iron (I1) oxidation.
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Figure A-1 Photomicrographs of hematite: (A-B) postdating calcite and anhydrite cements in tidal-deltaic lithofacies; (C-D
replacing muscovite along cleavage in the lower fluvial lithofacies.
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Table A-1 Chemical composition of authigenic chlorite in the red and green parts of the FA

Formation (Structural formula was calculated based on 14 oxygen atoms)

E;'I'e' D(enﬁ’;h T;[f: Color| Si |AIY|AM| Al | Ti |Fe* | Mg | ca | Na | K Felj-el\//lg
112.8 Red |2.66|1.34|1.29|263| 0 |361|1.12] 0 | 0 | 0 | 0.76

180.75 Red |2.86|1.14|1.11|2.25|0.23| 25 |1.87| 0 | 0 |0.13| 057

Fine- 273(1.27]131]257| 0 298| 17| 0 | 0 | 0 | 064

1oy | Or@ined | [276]124[125]249| 0 [273]202] 0 | 0 | 0 | 087
247|153| 15 |3.03| 0 |347]1.05] 0 | 0 | 0 | 0.77

25 |15 |147]2.96| 0 356098 0 | 0 | 0 | 078

277(1.23]111]234| 0 |112]328] 0 | 0 | 0 | 025

265(1.35| 09 |225| 0 |1.21]411] 0 | 0 | 0 | 023

GR15 | 276 Red | 26 | 1.4 1097|235 0 |13| 4 | 0 | 0 | 0 | 025
2.66|1.34]088|222| 0 127408 0 | 0 | 0 | 024

263(137| 1 |237| 0 |124]394] 0 | 0 | 0 | 024

27411.26|1.11|237| 0 |1.07|336] 0 | 0 | 0 | 024

274]1.26]1.11]238| 0 |1.09]331] 0 | 0 | 0 | 025

. neq | 275125 111[235] 0 [108[335] 0 | 0 | 0 | 024
27311.27|1.09]236| 0 |119(321] 0 | 0 | 0 | 027

Granular 286|1.14]0.98|212| 0 |1.16(335| 0 | 0 | 0 | 026
282(118(1.14]232| 0 |098/34]| 0 | 0 | 0 | 022

272|1.28|1.32| 26 | 0 |381]0.77] 0 |003|0.01| 083

279|1.21|1.34|255| 0 |3.71] 0.8 [0.04|004] 0 | 082

274]1.26]134] 26 | 0 | 3.8 |0.78|0.01]003|0.01| 083

Raz | 2079 Green| 2.7 | 1.3 |1.42|2.72| 0 |3.69|0.77]0.04]0.03|001| 0.83
27711.23|1.29|252| 0 |3.94]0.69(0.01]0040.01| 085

27711.23] 15 |273| 0 |3.53]0.79 0.02]0.04] 082

272|1.28]1.18|246| 0 |3.72]081 003 0 | 082

4465 Green|2.81|1.19|1.22| 24 | 0 |285(1.79] 0 | 0 | 0 | 061
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Table A-2 Geochemical composition of the red beds, FA Formation, Franceville Basin, Gabon

Drill hole Rock Depth | SiO, | AlLO; | Fe;O3 | MNnO | MgO CaO Na,O K,0 TiO, P,Os | FeO | Fe,O3 | Cr Th U
types m wt.% | wt.% | twt.% |wt.% | wt.% wt.% wt.% wt.% wt.% | wt.% | wt.% | wt.% | ppm | ppm | ppm

112.8 [58.05| 23.06 | 7.49 [ 002 | 1.18 | 0214 | 1.357 | 7.31 | 0.762 | 005 | 1.8 | 569 |31.03| 205 |4.894

181 |64.46| 18.38 | 7.38 | 0.03| 1.1 | 0354 | 1.561 | 5944 | 0.338 | 0.11 | 0.93 | 6.45 |20.33| 11.55 | 3.112

250.3 |50.38| 25.74 | 10.31 | 0.05 | 2,52 | 0.336 | 053 | 8365 | 0.923 | 0.07 | 1.08 | 9.23 [50.27| 17.56 | 6.752

GR 15 290.3 | 61.2 | 21.66 | 472 | 001 | 227 | 048 | 2064 | 669 | 0486 | 0.09 | 0.75 | 3.97 [28.39| 6.975 | 3.238
295.8 |67.22| 14.14 | 1052 | 0.01 | 1.37 | 0.238 | 1.453 | 4.38 | 0.387 | 0.05 | 1.44 | 9.08 |21.99| 16.75 | 7.209

416.6 |57.32| 24.64 | 691 | 0.03| 138 | 0183 | 0.116 | 8.628 | 0.874 | 0.11 | 0.27 | 6.64 |27.71| 30.48 |7.068

_ 492 |64.03| 21.47 | 485 | 002 | 11 | 0114 | 0296 | 7.018 | 0.666 | 0.05 | 0.21 | 4.64 |24.03| 14.56 | 4.514

g;‘i?]i 4 182575 |4472| 295 | 14.08 | 0.03 | 0.7 | 0.072 | 0.114 | 9006 | 0.703 | 005 | 0.05 | 14.03 |143,0| 24.47 | 9.833

GR 25 (Red) | 191.95 [54.83| 30.67 | 4.05 | 001 | 0.33 | 0.253 | 0.187 | 8526 | 0.487 | 0.19 | 0.38 | 3.67 [47.85| 18.67 |5.175
194.25 | 56.02 | 30.75 | 3.13 | 0.01| 0.34 | 0.121 | 0.193 | 8.393 | 0.385 | 0.08 | 0.56 | 2.57 |38.48| 28.68 |4.536

2135 |53.69| 29.2 | 6.05 | 002 | 067 | 0252 | 0117 | 8471 | 0.635 | 0.17 | 059 | 5.46 [33.71| 22.53 | 6.228

GR 23 232.8 |55.83| 28.21 | 527 | 0.01| 057 | 0303 | 0.119 | 8269 | 0.699 | 0.21 | 053 | 4.74 [57.66| 24.86 | 11.63
233.48 |51.02| 339 | 292 | 001 | 044 | 0289 | 0.136 | 9.909 | 0.607 | 0.19 | 0.19 | 2.73 |40.25| 22.48 |5.804

234.1 |52.07| 31.33 | 489 | 001 | 071 | 022 | 0148 | 9323 | 0.615 | 0.1 | 0.36 | 4.53 |47.98| 25.37 | 9.04

GR3 571.35 | 56.68 | 26.06 | 5.01 | 001 | 14 | 0148 | 0599 | 8.736 | 0.636 | 0.09 | 0.62 | 4.39 |26.55| 21.39 |3.771
589.1 |55.27| 28.09 | 478 | 0.02 | 0.14 | 0.161 | 0302 | 9.045 | 0562 | 0.11 | 052 | 4.26 [32.24| 19.63 | 4.428

50.9 |55.96| 25.57 | 6,68 | 0.03 | 1.84 0.4 1.58 7.48 076 | 0.12 | 441 | 2.27 |31.85| 14.33 | 3.732

GR15 416.6 |98.03| 2628 | 373 | 0.01 | 151 | 0.19 0.12 9.09 092 | 012 | 046 | 3.27 |23.68| 27.76 | 7.207
_ 492 |70.93| 18 2.83 | 0.01| 0.96 0.11 0.22 6.24 0.65 | 0.06 | 0.36 | 2.47 [21.92] 9.965 | 3.41

g;'irr‘]z g [194.25 61.08| 24.76 | 589 | 0.02 | 0.74 0.13 0.16 6.66 0.48 | 0.08 | 3.27 | 2.62 |48.16| 24.98 | 7.459

GR25 | (Green) | 196.6 |5883| 2849 | 2587 | 001 | 038 | 03 019 | 824 | 046 | 022 | 0.75 | 2.12 |71.23| 16.06 | 5.081
197.4 |58.41| 2883 | 307 |0.01| 039 | 0.6 0.19 8.31 049 | 013 | 0.89 | 2.18 |77.52| 17.8 |5.551

GR 23 233.48 |51.32| 3364 | 287 |0.01| 045 0.3 0.14 | 1043 | 0.64 0.2 | 024 | 2.63 |39.85| 22.08 | 5.344
234.1 |52.32| 3228 | 331 | 0.01| 0.71 0.32 0.16 10.07 | 064 | 019 | 042 | 2.89 | 56.2 | 31.16 | 9.932

GR 22 Fine 47.3 |54.43| 28.09 | 2.005 | 0.01 | 0.26 | 0.366 | 0.112 | 8.217 | 0.509 | 0.29 29.9 | 18.26 | 3.742
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grained

(aray- 49 |52.21| 29.77 | 1.733 | 0.01 | 0.237 | 0.348 | 0.122 | 8.689 | 0.515 | 0.27 51.83| 18.9 |5.067
black) | 113.3 |48.68|31.927 | 2.215 | 0.01 | 0.462 | 0.181 | 0.159 | 9.272 | 0.586 | 0.12 46.52 | 19.91 |5.046

71.8 |51.57|29.423 | 3.594 | 0.01 | 0.357 | 0.211 | 0.2 | 8578 | 0.622 | 0.16 9| 22.22 | 4.477

72 |55.82| 26.62 | 3.651 | 0.01 | 0.328 | 0.179 | 0.093 | 7.643 | 0.663 | 0.14 10.84 | 23.36 | 5.483

KA 13 83.2 [56.15| 28.11 | 1.62 | 0.00 | 0.183 | 0.461 | 0.105 | 8.129 05 | 0.36 49.25| 20.67 |3.167
86.5 |53.43|28.997 | 3.021 | 0.01 | 0.275 | 0.089 0.1 8.318 | 0.544 | 0.07 31.52| 22.25 | 3.072

160 |53.36|28.023 | 4002 | 0.01 | 0.471 | 0.221 | 0.143 | 7.846 | 0.667 | 0.12 72.47| 23.19 | 8.982

85.1 [53.05| 25.96 | 5.168 | 0.02 | 1.177 | 0.223 | 0.58 6.83 | 0.655 | 0.1 38.75| 23.95 |7.438

KA 27 102.5 |50.95 | 29.583 | 3.688 | 0.01 | 0.654 0.2 0.161 | 8.146 | 0.648 | 0.05 35.87 | 19.98 |4.692
114.75 |52.21| 29.16 | 2579 | 0.01 | 0.64 | 0.252 | 0.141 | 8396 | 0506 | 0.11 51.58 | 16.76 |53.45

745 |45.65| 35.11 | 3.258 | 0.01 | 0.406 | 0.079 | 0.204 | 9.619 | 0.718 | 0,00 4921|2369 | 7

KA 29 100 |57.08| 27.57 | 1.97 |[0.01 | 0.315 | 0.381 | 0.149 | 7.632 | 0.524 | 0.26 64.66| 17.36 | 7.5
133.6 | 49.7 | 29.173 | 5.381 | 0.02 | 0.711 | 0.087 | 0.126 | 8.054 | 0.453 | 0,00 59.73| 15.15 | 5.737

243.1 |81.33| 8.092 | 2.039 | 0.02 | 0.747 | 094 | 2559 | 1.493 | 0175 |<L.D.| 0.33 | 1.71 |11.07| 18.34 | 2.913

282,00 | 82.36| 2.443 | 0.222 | 0.02 | 0.241 | 6.366 | 0.924 | 0.272 | 0.036 |<L.D.| 0.2 | 0.02 |4.471| 2.776 | 0.681

312.8 |82.91| 4.899 | 0.693 | 0.01 | 0.773 | 3.285 | 1.776 | 0.496 | 0.033 |<L.D.| 0.39 | 0.3 |5561| 2.011 |0.518

GR15 | Granular | 383.6 |68.75| 5832 | 0.716 | 0.01 | 025 | 8219 | 2.817 | 0.346 | 0.028 |<L.D.| 011 | 061 |4.12 | 0.786 | 0.431
(Red) | 7116 |69.99| 2.777 | 0.38 | 0.00 | 0.088 | 10.25 | 0273 | 094 | 0089 | 008 | 0.2 | 018 |4.403| 4980 |15.82

900 | 90.4 | 5.291 | 0.341 | 0.00 | 0.079 | 0.051 | 0.146 | 2.198 | 0.058 [<L.D.| 0.05 | 0.29 | 7.81 | 7.829 | 1.246

976 |75.16|15.953 | 2.024 | 0.01 | 0.231 | 0.052 | 0.109 | 4.663 | 0.302 [<L.D.| 023 | 1.79 |25.92| 26.4 |3.915

993 [82.92| 3593 | 0.059 | 0.00 | 0.136 | 4.924 | 0.02 | 1.074 | 0.036 |<L.D.| <0.2 7.377 | 3.382 | 0.993

KA29 | Granular [ 1346 |73.94|11.318 | 6.813 | 0.03 | 0.637 | 0.087 | 0.076 | 2.635 | 0.145 | 0,00 22.8 | 7.439 | 75.62
KA 13 (gray- 1943 | 76.7 | 4.189 | 2.246 | 0.01 | 0.201 | 0.061 | 0.028 | 0.951 | 0.034 | 0,00 5.53 | 3.395 | 2.341
GR 15 black) 940.2 |85.44| 8542 | 0.234 | 0.00 | 0.118 | 0.076 | 0.09 | 3.206 | 0.107 | 0,00 10.25| 14.88 | 2.556

L.D: detection limit
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