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Abstract
The study aimed at investigating the geochemistry of a sandstone-type uranium deposit in Tarat formation for provenance, paleo-redox, tectonic setting
in order to propose a geological model of uranium. X-Ray Fluorescence
(XRF) and Induced Coupled Plasma Mass Spectrometry (ICP-MS) analyses
were used to determine the sandstone composition. Major, trace and rare
earth element compositions of the sandstones have been investigated to determine their provenance, tectonic setting and the influence of weathering
conditions. Field studies of Tarat formation revealed that a major accident
N30˚ that can be interpreted as an extension of the Austriche accident ensures the controls of Tarat sedimentation and mineralization deposits and the
presence oxidized zone and reduced zone indicate the direction of circulation
of the mineralized fluids from West to East. The uranium mineralization is
disseminated as pitchblende that gives a yellow color to the sandstone while,
molybdenum mineralization gives a blue color to the sandstone. Results of
the Geochemical analysis indicate that the sandstone-type uranium deposit of
Taratis classified into Protoquarzite (i.e. lithearenite and sublitharenite), arkose, subarkose, wacke and quartz arenite and varied in their maturity. Their
Rare Earth Elements (REE) pattern displays high light REE over heavy REE,
flat HREE and a significant negative Eu and Ce anomalies and in general
correlated well with the NASC and PAAS average composition. The source
area may have contained quartzose sedimentary rocks. The geochemical data
support deposition in reducing environment of arid to humid climatic condi-
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tions rich in organic matter affected by passive margin (PM) tectonic setting
and the sediments are derived from felsic and mafic source rocks. Trace and
REE data as well as the high values of the weathering indices: Chemical Index
of Alteration (CIA), Plagioclase Index of Alteration (PIA) and Chemical Index of Weathering (CIW) suggest intermediate to extreme weathering conditions in the source area or during transportation. The studied sandstones are
inferred as highly mature sediments evidenced from their high SiO2/Al2O3 >
1 and the presence of the ultra-stable clay minerals, smectite, kaolinite,
chlorite and illite. Also the Th/U < 3 ratio suggests high uranium enrichment of Tarat sandstones over crust average composition. From the factor
analysis of the analyzed sandstone, there is no direct relationship between
organic carbon and uranium, indicating the absence of organo-uraniferous
composite and a major source derived from felsic to the mafic rock of Air
Massif. The mineralized fluids of circulating from west to east are usually
capped and underlain by impermeable mudstone or clay-rich units and
uranium mineralization occurs in the association U-Mo-Pb or U-Zn-Ni-Pb
structurally controlled by the major fault in Azaoua lineament fault NS of
Arlit in the West, the N70˚ Tin Adrar “faisceau” in the North, the N30˚
Mouron accident in the Southeast, N30 Autriche accident in the West and
precipitated in areas of suitable reducing environment of arid to humid
climatic conditions rich in organic matter affected by passive margin (PM)
tectonic setting. The negative correlation of U-Th and U-Na in our samples
indicates intense remobilization of uranium in Tarat formation.
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1. Introduction
The Tarat host formation of many deposits from the Tim-Mersoi basin in Arlit
is located in the northwestern part of Niger Republic between 18˚44'16'' North
latitude and 7˚23'26'' East longitude, about 200 km north of Agadez, west of the
Aïr Massif (Figure 1). The Tarat formation is from the Carboniferous Upper
Tagora Series. According to the following authors in [1] [2] [3] [4], the Tarat
formation environment is rich in organic matter. Moreover, several scientists in
[5]-[16] referred the provenance of Tarat sedimentary materials and uranium
mineralization to dismantling of crystalline and crystallophyllic rocks of the air
massif, to annular complexes of Zinder-Nigeria region, to volcanic alkaline
emissions formed from emission of acid magmas and to the emplacement of
plutons along major accidents such as that of Arlit.
In this research major, trace, REE geochemistry and factor analysis of geochemical data were used to infer the provenance, paleo-redox, tectonic setting
and elements associated with uranium mineralization. Especially some immobile
DOI: 10.4236/gep.2018.68014
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Figure 1. Geological map of the study area after [9], modified.

trace elements such as Y, Sc, Th, Zr, Hf, Cr, Co and REE were expected to be
more useful in discriminating source rock compositions and tectonic setting due
to their relatively low mobility during sedimentary processes and their short
residence times in seawater [17]. These elements are probably transferred quantitatively into clastic sediments during weathering and transportation, reflecting
the signature of the parent materials [17]-[26].
The deposits of Tarat formation are mining by SOMAIR for over a decade. In
the current state of knowledge on these deposits, many questions remain about
their depositional environment and genesis uranium mineralization. The objectives of our research study were therefore to document and update the geological
knowledge of these deposits about provenance, paleo-redox and tectonic setting
with a view to propose a simplified geological model of uranium for further exploration.

2. Geological Setting
The principal palaeogeographic characteristics of North and Central Africa during the onset of the Phanerozoic were the permanency of largely exposed lands
over central Africa, surrounded by northerly and northwesterly dipping pediplanes, episodically flooded by epicontinental seas [27]. Phanerozoic African basins developed during the migration of the continent as part of Gondwana over
the South Pole and northwards to its present position with the infill of basins by
sedimentary material reflecting a change in paleoclimate [27]. The development
DOI: 10.4236/gep.2018.68014
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and extent of these Phanerozoic basins are important due to their potential association with uranium [28].
Most of Niger comprises Phanerozoic sediment-filled basins coupled with
Mesozoic and Cenozoic riftsystems as well as major fault zones (Figure 2).
Pre-Cambrian or Proterozoic basement is located in the southwest and center of
the country, which comprises crystalline and metamorphic rocks of the Aïr
Massif [30].
The Iullemeden Basin, to the west of the Aïr Massif, is a vast structural depression of about 360,000 km2 covering virtually all of western Niger, with extensions in Algeria, Mali, Benin and Nigeria[7] [15] [31] (Figure 1). It is filled
with up to 1500 m to 2000 m of sediments of alternating marine and continental
origin. It covers an area of 800,000 km2 and borders the Adrardes Iforas, the
Hoggar and the Aïr Massif in the north; the Gourma and Liptako Massifs and
crystalline rocks of the Benin Republic to the west and the Nigerian basement

Figure 2. Distribution of Proterozoic basement and Phanerozoic basins in Niger [29] modified.
DOI: 10.4236/gep.2018.68014
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rocks to the south and southeast. The basin is underlain by crystalline basement
consisting of igneous and metamorphic rocks. The Iullemeden Basin is one of
three important sub-Saharan inland basins consisting of a broadsyncline with
gently dipping flanks. The syncline axis trend N-S between 3˚ and 4˚ longitudes. The overlying sedimentary sequences become progressively younger
from the northeast to the southwest, indicating the directions of successive
Cretaceous marine transgressions [30] [32]. Niger’s main uranium resources
are all contained in the sediments of the Tim Mersoibasin, which is mainly the
continental part of the sedimentary layers of the Iullemmeden sedimentary basin. The large deposits currently mined by Cominak and Somair are located
respectfully in the Lower Tagora and in the overlying Upper Tagora Series
(Carboniferous) [33]. The continental sediments above the Carboniferous Period are termed the Continental intercalaire, which consist of the following
units (Figure 3):
 Tegama Group (Cretaceous Period) at the top;
 Assaouas Series (Jurassic-Cretaceous Period);
 Teloua Series (Triassic-Jurassic Periods);
 Izegouandane Series at the base (Permian Period).
The geology of central Niger is dominated by the Aïr Massif which is a horst
block of metamorphic rocks and calc-alkaline intrusives of Pre-Cambrian age,
penetrated by over a dozen Palaeozoic (gabbro)-syenite-granite ring complexes.
The Middle Continental series (Palaeozoic and Mesozoic formations) outcrop in
the Tim Mersoibasin along the western margin of the Aïr Massif and comprises
formations ranging from Cambrian to Cretaceous [33].
During the middle Paleozoic (Cambrian to Carboniferous Periods), sediment
began to accumulate in a shallow lake. As the basin grew, the land to the east
began to rise even as the basin continued to subside. The Carboniferous Terada
as well as Lower and Upper Tagora Series were deposited during this time. The
Terada Series consists of basal conglomerates andfluvio-glacial sandstones. The
Lower and Upper Tagora Series consist of fluvio-deltaic sandstones. Each of
these Series is overlainby marine shales or an alteration of shales and continental
sandstones [30].
In the late Paleozoic, carbonate began to cement the sand and gypsum nodules grew in the mud. Whilst a rare mineral, analcime (feldspathoid requiring
high pH and large concentrations of silica and sodium), formed thin beds in the
Jurassic Period, carbonates again predominated during the end of the Cretaceous.
By the middle to end of the Mesozoic (Jurassic to Cretaceous Periods) highly
alkaline volcaniceruptions began along a north-south line about 100 km east of
the Tim Mersoi basin within the Aïr Massif. Volcanic rocks of this type carry
high proportions U, thorium (Th), rare earth elements (REE), tin (Sn) and molybdenum (Mo) amongst others. The vitric ash from these volcanic eruptions
dissolved in the Mesozoic waters, resulting in an increase in pH and carrying
DOI: 10.4236/gep.2018.68014
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Figure 3. Litho-stratigraphic colonne of sedimentary series from devonian to lower cretaceous with the corresponding depositional environment in Tim-Mersoi basinafter [9]
modified.

capacity of U in solution as uranylcarbonate complexes which were deposited
under suitable organic-chemical conditions in the Jurassic-Cretaceous sediments
of the Tim Mersoi basin [30]. The Paleozoic sequences thin towards the center of
the basin, each overlapping the previous one from north to south and sedimentation is structurally controlled (Figure 4).
The tectonic structures of the Tim-Mersoi Basin are due to the tectonic adjustments along the Pan-African basement accidents. These adjustments compartmentalize the basin into the dorsal or goutier of different scales that control the processes of erosion and deposition [14] [15]. According to authors
[34], the tectonic history of the Tim-Mersoi basin began in the Cambrian syncline in the Tin-Seririne. Subsequently, sedimentation moved southward, receiving
DOI: 10.4236/gep.2018.68014
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Figure 4. Geological section across the Tim Mersoibas in showing the position of the section on inset.

marginal-continental formations and coastal level which come systematically on
the west edge of the Air Massif. Tim-Mersoi Basin is structured into a synclinal
trough, with regional scale, affected by brittle (faults), mixed (flexures-faults) or
by plicatives accident low amplitudes associated with progressive unconformities.Three major structures control the deposit system of Tarat formation such
as the Lineament of ArlitIn AzaouaNS accident in the West, the N70˚ Tin Adrar
“faisceau” in the North and the N30˚ Mouron accident in the Southeast (Figure
5 and Figure 6).

3. Materials and Methods
The approach methodologic adopted for this work consists of field work and laboratory analysis. The field work involved details geological study and sampling
of Tarat formation in Takriza, Taza North, Tamou open pit mines and Tamari
Prospect. Geochemical investigations based on the data of major, trace and
rare earth elements were carried out. A total of 48 samples were chemically
analyzed for their major and trace elements by X-Ray Fluorescence (XRF) in
the Institute Instrumentation Center of Indian Institute of Technology, IIT
Roorkee, India and Activation Laboratory (ActLab), Ontario, Canada while
the REE was analyzed by Induced Coupled Plasma-Mass Spectrometry
(ICP-MS) carried out in the analytical laboratory of Nanjing University, China. Geochemical data processing (factor and correlation analysis) was carried
out by using statistical software SPSS-20. We have calculated the factors from
the correlation matrix. The factor analysis includes the varimax rotation,
which is a rotation of the factors around the orthogonal axes. Varimax rotation
enhances differences in factor loadings. Factor loadings are the correlations
between each variable and the factors. The sum of the squares of the factor
DOI: 10.4236/gep.2018.68014
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Figure 5. Geological and structural map of the edge of the Tim-Mersoï basin showing the
study area and economic or sub-economic deposits of the Arlit region [9] modified.

Figure 6. Position of Taza Nord, Takriza, Tamou and Tamari in red color.

loadings for each variable is equal to the communality, the proportion of each
variable explained by the analysis. For more complete descriptions of factor analyDOI: 10.4236/gep.2018.68014
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sis and its geological application see the following authors in [35] [36] [37]
[38].

4. Geology of Tarat Formation
Geological studies of Tarat formation realized during this research include details field observations and sampling in three open pit mines areas such as Taza
Nord, Takriza and Tamou while drilling core samples were collected in Tamari
prospect area (Figure 6).

4.1. Takriza Open Pit Mine
The Tarat formation in Takriza mine is characterized by N30˚ accident that can
be interpreted as an extension of the Austriche accident that controlling Tarat
sedimentation and deposits of the mineralization (Figure 7). At the bottom of
the mine the uranium mineralization, expressed as disseminated pitchblende in
the sandstone, that gives a yellow color to this sandstone, and the sandstone with
blue color indicates the association of uranium mineralization with molybdenum (Figure 8).

4.2. Taza North Open Pit Mine
The Tarat Formation in Taza North mine indicates the presence of oxidized
sandstone and reduced sandstone indicating the direction of circulation of the
mineralized fluids from west to east. In the oxidized zone, the sandstones are
pinkish-gray indicating an intense oxidation state. Pyrite is not expressed macroscopically in this zone of intense oxidation. Upwards, this zone results in the
reduction of oxidation intensity corresponding to the beginning of cementations
of the host by pyrite or pitchblende. The radiometric measurement in this area is
between 300 and 1000 counts/sec (SPP). In the reduced zone the sandstones are
dark and sub-homogeneous in color with darker spots downwards. The radiometric measurement in this area is between 5000 and 8000 counts/sec (SPP).
These observations suggest that the oxidized sandstone is weakly mineralized
compared to reduced sandstone (Figure 9).

W

E

N30°, P70 W

4m
Figure 7. Tarat formation in Takriza is characterized by major accident N30˚.
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Figure 8. At the bottom of Takriza mine, Tarat formation shows the presence of Mo mineralization and U secondary minerals.
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Figure 9. Tarat formation in Taza North shows the presence of oxidized and reduced
sandstones.

4.3. Tamou Open Pit Mine
The Tarat formation in Tamou mine indicates alternation of gray coarse-grained
sandstone and clay-silt of the massive structure with cross-stratification. These
structures of plant debris rich in organic matter result from sediment deposition
in fast flood flow regime. In such, environment the current resistance is low and
the transport of the sediments important then the formation of the natural surfaces of sediments in wrinkles, sand waves or dunes is annihilated in favor of horizontal deposits under a relatively small slice of water (Figure 10).
DOI: 10.4236/gep.2018.68014
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Figure 10. The Tarat formation studied in the Tamou open pit mine indicates alternation of gray coarse-grained sandstone and clay-silt of the massive structure with
cross-stratification.

4.4. Tamari Prospect
The Tarat formation in TMRI 420 and TMRI 382 of Tamari prospect is divided into four sequences (Figure 11 and Figure 12) such as Unit 4 (U4) consisting of reduced gray fine consolidated sandstone alternating clay-silt (Figures
13(I)-(K)); Unit 3 (U3) composed of coarse to medium sandstone with increasing presence of micro-conglomerate towards the bottom (Figure 13(C), Figure
13(H) and Figure 13(I)); Unit 2 (U2) characterized by reduced fine gray sandstone with kaolinitic cement (Figure 13(A), Figure 13(C) and Figure 13(d)) and
Unit 1 (U1) consists of coarse to micro-conglomerate gray sandstone (Figure
13(H)). The core samples are characterized by cross-stratification (Figure 13(G)
and Figure 13(L)) and present a variation of the color yellow to red on the surface of the cores (Figures 13(B)-(D) and Figure 13(F)). These variations of
colors can be interpreted as a significant index of uranium mineralization related
to pitchblende dissemination.

5. Geochemistry of Tarat Formation
The geochemical results of major elements (Figure 14) reveal that Tarat sandstones have high SiO2 contents between 66.52 to 95.94 wt. percent with an average value of 81.47 wt. percent, which reflect quartz-rich nature of these studied
sandstones following the criteria of [39] and the low ratio values of (Al2O3/SiO2
< 1) (Figure 15(A)), confirm the quartz enrichment in studied samples and high
ratio values of (SiO2/Al2O3 > 1) (Figure 15(B)) indicate high chemical maturity
of the investigated samples.
Al2O3 content from the study area is relatively high ranging from 1.5 to 14.99
wt. percent with an average value of 8.39 wt (Figure 14) percent indicating the
presence of feldspar and clay minerals in the Tarat sandstone samples [3].
The alkali and alkaline oxides, (Fe2O3 and TiO2) are relatively low and ranges
respectively from 1.39 to 7.87 wt, 0.056 to 1.079 wt. percent with a respective
DOI: 10.4236/gep.2018.68014
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Figure 11. Lithological log of TMRI 420 in the Tamari Prospect
showing four sequences of Tarat formation and samples locations.

average of 2.73 wt, 0.5 wt. percent (Figure 14). Generally, low concentrations of
Fe2O3 and TiO2 in all sandstones reflect low abundances of Ti-bearing minerals
(biotite, ilmenite, titanite and titaniferous magnetite) in the analyzed samples
[19] [40].
Depletion of Na2O (<1 wt%) and relative enrichment of K2O content in Tarat
sandstones and the significantly higher ratio values of (K2O/Na2O > 1 ranging
from 9 to 18) (Figure 15(C)) may probably suggest the presence of higher concentration of K-feldspar in these sandstones.
MgO, MnO, and P2O5 are generally very low averaging 0.58, 0.01 and 0.03 wt.
percent respectively (Figure 14). The increase of loss on ignition is related to the
presence of kaolinite and mica. The low values of P2O3 (averaging 0.03 wt. percent) and CaO contents indicates low content apatite in studied samples.
The trace elements of Tarat sandstones generally varied in their concentrations (Figures 16-19). However, Th, V, Zn, Pb, Mo, Zr, U, Ba, Rb, Sr, Ni, Cr and
Cu are relatively high; while TI, Sn, Ag, Ta, W, Cs Sc, Be, Co, Ga, As, Y, Hf and
Nb have low content values.
DOI: 10.4236/gep.2018.68014
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Figure 12. Lithological log of TMRI 382 in the Tamari Prospect showing four sequences of Tarat formation and samples
locations.

Figure 13. Drill cores samples of Tamari prospect area with yellow to red color and
cross-stratification.
DOI: 10.4236/gep.2018.68014
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Figure 14. Geochemical profile of major elements in Tarat formation.

Figures 15. (A) Ratio of Al2O3/SiO2; (B) Ratio of SiO2/Al2O3 and (C) Ratio of K2O/Na2O.
DOI: 10.4236/gep.2018.68014
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Figure 16. Geochemical profile of Th, V, Zn, Pb, Mo, Zr and U in Tarat Formation.

The rare earth elements are generally divided into two sub-groups: light rare
earth elements (LREE) (from La to Eu) and heavy rare earth elements (HREE)
(from Gd to Lu). The geochemical profiles (Figure 20 and Figure 21) of the Tarat formation REE indicate that LREE elements such as La, Ce and Nd have high
values contents more than 50 ppm while the concentrations of Pr, Sm and Eu are
less than 50 ppm (Figure 20). However, the HREE elements such as Gd, Dy, Er,
Yb, Ho Tb and Lu have low quantities values generally less than 10 ppm (Figure
21).
The REE of Tarat sandstones are shown as chondrite-normalized patterns
compared to NASC (North American Shale Composite) and PAAS (Post-Archean
Australian Shale) sedimentary standards in (Figures 22(A)-(E)). In general,
chondrite-normalized REE patterns for the studied sandstone from Tarat formation are characterized by high LREE, flat HREE pattern, and pronounced negative Eu anomaly (Figures 22(A)-(E) and Figure 23(A)). LREE are fractionated
and the HREE patterns are almost flat, indicating the presence of monazite that
may be responsible for the concave-convexforme of Tarat patterns [6]. The ratio
(La/Yb)N > 0 in all samples (Figure 23(B)) confirm the enrichment LREE over
HREE. This chondrite-normalized pattern is typical of sediments and sedimentary rocks enrichment in LREE, flat heavy HREE and negative Eu anomaly [41].
DOI: 10.4236/gep.2018.68014
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Figure 17. Geochemical profile of Ba, Rb, Sr, Ni, Cr and Cu in Tarat Formation.

The chondrite-normalized REE patterns for Tarat sandstones (Figures 22(A)-(E))
are similar to that displayed by NASC and PAAS. The Ce anomaly of Tarat formation is always negative, ranging from 0.2 to 0.99 (Figures 22(A)-(E) and
Figure 23(C)) which is quite related either to the abundance of heavy minerals
such as garnet, zircon monazite or pitchblende or hydrothermal fluid leaching
[16].

5.1. Classification of Tarat Samples
Sandstones are classified variously based on their chemical composition [42]
[43] [44]. Depended on the concentration of three major oxide groups: silica and
alumina, alkali oxide, and iron oxide plus magnesia [45], by using bivariate diagram plot of [43], the Tarat Sandstones can be classified into Protroquartzite
DOI: 10.4236/gep.2018.68014
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Figure 18. Geochemical profile of Sc, Ba, Co, Ga, As, Y, Hf and Nb in Tarat Formation.

(i.e. lithearenite and sublitharenite), arkose, subarkose, wacke and quartz arenite
(Figure 24).

5.2. Provenance
The authors in [17] [18] [19] [21] [46] [47] [48] noted that the geochemical
compositions of sedimentary rocks are related to those of their source and this
principle has been used to characterize the source rocks from which the investigated sedimentary rocks were derived. In order to refer the provenance of Tarat
sandstones, the discrimination functions diagram of [49] has been used to construct the provenance of these sandstones (Figure 25). This diagram reveals that
the plotted sandstones were derived from granitic-gneissic source or pre-existing
sedimentary source. The position of the studied samples deep into the discrimination functions diagram is similar to that observed for several recycled suites
elsewhere [17] [50] [51]. This was interpreted as the effect of recycling, with
progressive loss of feldspar and relative increase in quartz. The deeper plot position of Tarat samples may therefore reflect more advanced weathering and maturation in these fluvial sediments.
Discriminant Function 1 = (−1.773 × TiO2%) + (0.607 × Al2O3%) + (0.76 ×
Fe2O3T%) + (−1.5 × MgO%) + (0.616 × CaO%) + (0.509 × Na2O%) + (−1.22 ×
K2O%) + (−9.09); Discriminant Function 2 = (0.445 × TiO2%)+ (0.07 ×
Al2O3%) + (−0.25 × Fe2O3T%) + (−1.142 × MgO%) + (0.432 × Na2O%) + (1.426
× K2O%) + (−6.861).
DOI: 10.4236/gep.2018.68014
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Figure 19. Geochemical profile of TI, Sn, Ag, Ta, W and Cs in Tarat Formation.

Figure 20. Geochemical profile of LREE (La, Ce, Nd, Pr, Sm and Eu) in Tarat Formation.
DOI: 10.4236/gep.2018.68014
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Figure 21. Geochemical profile of HREE (Gd, Dy, Er, Yb, Ho, Tb and Lu) in Tarat Formation.

Some trace elements such as Zr, Th, Nb, Ti, Co, and REE are considered to
have low mobility during sedimentary processes and can be used to access the
source composition of sediments [26] [52] [53] [54] [55] [56]. During the sedimentary process the concentrations of these elements can vary thus, their ratios
are considered to be more reliable [42] [47] [56] [57] [58] [59]. The studied
sandstones are characterized by high Zrcontents (Figure 16), higher Ba/Co,
Zr/Nb, U/Th, Zr/Th ratios (Figures 26(A)-(D)) and relatively low Ti/Zr, Th/La,
Th/Co and Th/U ratios (Figures 16(E)-(I)). These features reflect the increased
abundance of heavy mineral mainly zircon of these sediments, through sedimentary processes.
The ratios of Th/Co vs. Zr/Co plot has been used to differentiate between felsic and mafic nature of source rocks [22] [60]. In this plot (Figure 27), the studied samples show double source provenance mafic and felsic of Tarat sandstones.
From the above-mentioned observations the provenance of the studied sandstones can be explained by a sedimentary system dominated by detritus derived
from recycled highly weathered granite-gneiss terrain and/or from pre-existing
sedimentary terrain materials. The trace element ratios are consistent with most
sandstone being derived from a double source mafic and felsic.
DOI: 10.4236/gep.2018.68014
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Figures 22. (A)-(E): Chondrite-normalized REE patterns of Tarat sandstones compared to the NASC and PAAS used as a reference; data are after [26].

Figures 23. (A) Eu/Eu* anomaly; (B) (La/Yb)N ratio and (C) Ce/Ce* anomaly.
DOI: 10.4236/gep.2018.68014
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Figure 24. Geochemical classification of Tarat sandstones, using bivariate diagram Log (Fe2O3/K2O) versus log (SiO2/Al2O3)
after [43].
8
Felsic igneous
provenance

Intermediate
igneous provenance

1
Quartozose sedimentary
provenance

-8
-8

Mafic ignous
provenance

1
Discriminant Function 1

8

Figure 25. Provenance discrimination diagram for Tarat
sandstones after [49].

5.3. Source Area Weathering
The authors in [6] [7] [8] [14] [15] [16] demonstrated that the Tarat sedimentary materials sourced from Air massif by weathering. The author in [50] noted
that the weathering history of sedimentary rocks can be evaluated in part by
examining relationships among the alkali and alkaline earth elements because
alteration of igneous rocks during weathering results in depletion of alkali and
alkaline earth elements and preferential enrichment of Al2O3 and SiO2 [61]. The
most widely used indices for quantitative estimation of the degree of chemical
weathering undergone by the rocks of the provenance area of sediments include:
the Chemical Index of Alteration (CIA), Plagioclase index of Alteration (PIA)
and Chemical Index of Weathering (CIW) proposed by [3] [62] [63] [64]. The
DOI: 10.4236/gep.2018.68014
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Figure 26. (A) Ba/Co ratio; (B) Zr/Nb ratio; (C) U/Th ratio; (D) Zr/Th ratio; (E) Ti/Zr ratio; (F) Th/La ratio; (G) La/Co ratio and
(I) Th/U ratio.

formula used to calculate the CIA, PIA and CIW are expressed below in molecular proportions:
CIA = [Al2O3/(Al2O3 + CaO*+ Na2O + K2O)] × 100
PIA = [(Al2O3 − K2O)/(Al2O3 + CaO* + Na2O − K2O] × 100
CIW = [Al2O3/(Al2O3 + CaO*+ Na2O)] × 100
The CaO* is defined as CaOin silicates fraction only. However, in the present
study there was no formal way to distinguish carbonate CaO*from silicate CaO,
so the detected CaO is used here, therefore this can be justified base on the fact
that none of the samples is calcareous and CaO is very low ranges from 0.04 to
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Figure 27. Th/Co vs. Zr/Co plot show felsic vs. mafic character [22].

0.29 with an average of 0.12 w.% (Figure 14). High CIA and PIA values (75 100) indicate intermediate to extreme weathering in the source area whereas low
values (≤60) indicate low weathering in the source area [65] [66] [67].
From Figure 28, the CIA, PIA and CIW values of Tarat sandstones in the
study area are mostly greater than 70%, indicating intermediate to extreme weathering either at the source or during transport before deposition moreover,
high CIA values, suggest derivation from a stable cratonic source [65] [68]. Also,
the studied sandstones show very high PIA values from 93.33 to 97.68 (Figure
28) suggesting intense plagioclase weathering in the source area and resulted in
low CaO content (Figure 14). This implies that with increasing chemical weathering the sediments are steadily depleted in plagioclases and enriched in secondary aluminous clay minerals [51] [69] [70].
Some elemental ratios such as TiO2/Na2O, K2O/Na2O, Al2O3/Na2O and
Rb/K2O were used also as potential markers for intensities of chemical weathering [51]. These ratios progressively increase with increasing chemical weathering. Such case may be referred to the solubility and ion potential where labile cations (Na, K, Ca, Rb) are leached in favorite to insoluble hydrolysates (Ti, Al)
[51] [59]. However, it is indicated that both K and Rb are integrated into clay
minerals by adsorption and cation exchange during initial weathering of fresh
rocks. But, with increasing weathering, K is preferentially leached compared to
Rb [71]. Following the authors in [17] [51], plots of the present CIA values
against Al/Na, Al/K, Ti/Na, K/Na and Rb/K elemental ratios support the intermediate to extreme chemical weathering (Figures 29(A)-(D) and Figure
29(F)).
The CIA data presented as a ternary plot of A-CN-K after [56] (Figure 29(B)),
the Tarat sandstones plot mostly in upper part near smectite, chlorite and kaolinite
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Figure 28. Geochemical profile of (CIA), (PIA) and (CIW) in Tarat sandstones.

Figure 29. (A) TiO2/Na2O versus CIA; (B) K2O/Na2O versus CIA; (C) Al2O3/Na2O versus CIA; (D) Rb/Na2O versus CIA and (D)
A-CN-K diagram for Tarat sandstone, A: Al2O3, C: CaO, K: K2O after [56].

with intermediate to extreme weathering conditions.

5.4. Paleo-Redox Condition
A function climate diagram was used in order to identify the depositional environmental climatic conditions of Tarat sandstones after [72]. The plotted samDOI: 10.4236/gep.2018.68014
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ples revealed Arid to humid environmental conditions with high chemical maturity (Figure 30). In order to infer the paleo-oxygenation condition of the Tarat
formation the U/Th ratio has been used as a redox indicator [4] [73] [74] [75]. A
U/Th ratio below 1.25 suggests oxic deposition conditions whereas values above
1.25 suggest suboxic and anoxic conditions [4] [26] [73] [75] [76]. In this study,
the Tarat samples had high U/Th > 1.25 ratios (Figure 26(C)), indicating that
the studied samples were deposited in an anoxic environment. Moreover, the
Th/U ratios have been used to evaluate the uranium enrichment of Tarat formation compared to the crust average compositions. According to [16] the Th/U >
4 indicates uranium depletion over the crust composition while Th/U < 3 indicates the uranium enrichment over the crust average composition. The present
study indicates that Tarat samples had Th/U < 3 (Figure 26(I)) suggesting high
uranium enrichment.

5.5. Tectonic Setting
The authors in [20] [49] [77] [78] [79] demonstrated that the chemical compositions of sedimentary rocks are significantly controlled by plate tectonic settings
of their provenances depositional basins and introduced a discrimination diagram utilizing K2O/Na2O versus SiO2 to determine the tectonic setting of terrigenous sedimentary rocks. The plot K2O/Na2O versus SiO2 for the study samples
(Figure 31(A), and Figure 31(B)) implies that they are typical of sediments deposited in a passive margin setting. According to the authors in [49] passive
margin sediments are largely quartz-rich sediments derived from plate interiors
or stable continental areas and deposited in intracratonic basins or on passive
continental margins.

5.6. Uranium Mineralization and Associated Elements
The purpose of using factor analysis of geochemical data in this research is to
group the elements associated or not with uranium and those representing the
detrital fraction. Furthermore, the correlational analysis was used to determine
the genesis of uranium mineralization. As such, we classified the samples into
two groups according to their uranium contents:
• Samples with U < 100 ppm and;
• Samples with U > 100 ppm.
5.6.1. Samples with U < 100 ppm
The factor analysis results of samples with U < 100 ppm are represented in the
three-dimensional spatial diagram and reflect the distribution of the elements in
three factors after rotation (Figure 32). Three factors selected in this analysis
express 86.87% of the total variance divide as such factor 1 (71.87%), factor
(8.67%) and factor 3 (6.33%). In order to visualize and distinguish the different
poles, two factors 1 and 2 have been used since they formed to 80.54% of the total variance. The two-dimensional spatial diagram of factors 1 and 2 distinguished several poles (Figure 33):
DOI: 10.4236/gep.2018.68014

209

Journal of Geoscience and Environment Protection

A. D. Bohari et al.

Figure 30. Depositional environmental climatic conditions of Tarat sandstones based on SiO2 wt.% versus (Al2O3 + K2O + Na2O) wt.% bivariate diagram after [72].

Figure 31. (a) SiO2 wt.% versus K2O/Na2O diagram: ACM = Active Continental Margin,
OIA = Oceanic Island Arc and PM = Passive Margin [49]. (b) SiO2 wt.% versus
K2O/Na2O diagram: CR = Continental Rift, ACM = Active Continental Margin, PM =
Passive Margin and ARC [49].

 The siliceous SiO2 pole which corresponds mineralogically to the fraction of
detrital grains of quartz;
 Uraniferous pole including U, Mo and Pb close and distinct to the organic
pole but anticorrelated to the siliceous pole. The uraniferous pole extends
towards the siliceous pole suggesting double sources of these elements such
as detrital provenance and precipitation with mineralization;
 Pole controlled by organic matter (C%) associated with Be, MnO, Ga, Sn, Nb
and Co;
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Figure 32. 3D spatial diagram plot of factors 1, 2 and 3 of samples
with U < 100 ppm.

Figure 33. 2D spatial diagram of factors 1 and 2 of samples with U <
100 ppm.

 Pole composed of the following elements: Ba, Sr, K2O, Ti, W, Na2O, Nb,
Al2O3, Sc, V, Yb, Co, Ag, Th, Hf, Er, P2O5, Tm, Tb, Zn, Gd, TiO2, CaO, Rb,
Ni, Zr and Fe2O3 essentially corresponding to detrital minerals (feldspar and
clays); iron-titanium oxides, and accessory minerals of monazite and zircon;
 Cu did not define a particular position.
5.6.2. Correlation Relationship between U < 100 ppm and Major Oxides
From Table 1, uranium defines a negative correlation with all the major oxides.
These relationships may be explained by three mechanisms: 1) uranium
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Table 1. Results of correlation analysis between U < 100 ppm and major oxides of Tarat
samples.
Coef.

SiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

K2O

TiO2

P2O5

SiO2

1

Al2O3

−0.99

1

Fe2O3

−0.99

0.99

1

MnO

−0.22

0.25

0.19

1

MgO

−0.99

0.99

0.99

0.25

1

CaO

−0.99

0.98

0.99

0.22

0.97

1

Na2O

−0.97

0.96

0.96

0.03

0.95

0.96

1

K2O

−0.99

0.99

0.99

0.19

0.98

0.98

0.98

1

TiO2

−0.99

0.99

0.99

0.24

0.99

0.98

0.95

0.99

1

P2O5

−0.89

0.9

0.87

0.6

0.91

0.86

0.79

0.88

0.89

1

U

−0.14

−0.14

−0.17

−0.17

−-0.13 −0.24

−0.04

−0.1

−0.18

−0.06

U

1

mineralization is associated with a strong depletion of major oxides in the host
rocks; 2) mineralization is only associated with lithologies that were depleted of
major oxides before mineralization; and 3) uranium mineralization lower than
100 ppm only occurs in altered horst environment depleted of major oxides. The
third mechanism may explain the strong positive correlations between all major
oxides except SiO2 indicating the similar geochemical behavior of these elements
during weathering. The negative correlation of SiO2 with all major oxides reflects
the “dilution effect” of quartz in Tarat formation. It is difficult to differentiate
the first and second mechanism, but both may have contributed to the observed
negative correlation between uranium and the major oxides, either by the depletion of the major element or by the argilisation phenomenon syn or post mineralization.
5.6.3. Correlation Relationship between U < 100 ppm and Trace
Elements
There is negative correlation between U, V, Co, Cu, Mo and Pb (Table 2) that
reflects close affiliation of uranium minerals to feldspar minerals, barytine and
zircon or common origin and similar geochemical composition of these elements. Moreover, Mo-U defines the same pole with strong positive correlation (r
= 0.81). In addition, U-Cu has positive relationship (r = 0.57). Based on U-Mo
and U-Cu positive correlations, the uranium mineralization of Tarat formation
originated from synsedimentary volcanic source. This is evident from world
largest U-Mo mineralization of Steltsovka (Russia) deposited just deposited after
volcanic activity [80] and U-Momineralization of the western part of the Xiangshan caldera (China) [81]. The lack of positive correlation between U-Th our
studied samples are the result of remobilization of U [6] [81].
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Table 2. Results of correlation analysis between U < 100 ppm and trace elements of Tarat
samples.
Coef

V

Cr

V

1

Cr

0.85

1

Co

0.54

0.44

1

Ni

0.85

0.99

0.44

Cu

0.01 −0.06 0.29 −0.11

Zn

0.85

0.97

0.49

0.98 −0.11

As

0.83

0.95

0.30

0.97 −0.16 0.91

1

Zr

0.80

0.97

0.50

0.98 −0.12 0.97

0.93

Mo

−0.03 −0.31 0.44 −0.32 0.55 −0.22 −0.42 −0.34

Ag

0.66

0.81

0.33

0.74

0.72

0.71

0.72 −0.26

Ba

0.77

0.95

0.43

0.96 −0.13 0.94

0.93

0.96 −0.31 0.74

Pb

−0.39 −0.38 −0.39 −0.39 −0.75 −0.31 −0.37 −0.38 −0.18 −0.37 −0.37

Th

0.68

U

0.19 −0.18 0.50 −0.19 0.57 −0.18 −0.19 −0.23 0.81 −0.09 −0.21 0.76 −0.25 1

0.87

Co

0.35

Ni

Cu

Zn

As

Zr

Mo

Ag

Ba

Pb

Th

U

1
1

0.21

1

0.87 −0.27 0.86

0.84

1
1
1

0.86 −0.28 0.63

1
1

0.95 −0.20

1

1) Correlation relationship between U < 100 ppm and REE
There is a negative correlation between U and REE except of Tb (r = 0.03)
(Table 3). The positive correlation between U and Tb indicates the similar geochemical composition of these elements during mineralization.
5.6.4. Samples with U > 100 ppm
The results of factor of samples with U > 100 ppm are represented in the
three-dimensional spatial diagram and reflect the distribution of the elements in
three factors after rotation (Figure 34). Three factors selected in this analysis
expressed a total variance of 86.87%, as such factor 1 (56.99%), factor 2 (9.14%)
and factor 3 (4.43%). For more visualization of poles two factors 1 and 2 that
have 60.46% of the total variance was used. The two-dimensional spatial diagram of factors 1 and 2 distinguished several poles (Figure 35):
 Siliceous SiO2 pole representing mineralogically detrital fraction of quartz
grains;
 Uranium mineralization pole composed of U, Zn, Ni and Pb close to the organic pole and anticorrelated to the siliceous pole. The uraniferous pole extends towards the siliceous pole suggesting double sources of these elements:
detrital provenance and precipitation with mineralization;
 Pole governed by the organic matter (C%) and associated with Ho, Co, Sn,
As, CaO, Nb, Sc, Mo;
 Pole composed of Fe2O3 and MnO;
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Table 3. Results of correlation analysis between U < 100 ppm and REE.
Coef

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

U

La

1

Ce

0.99

1

Pr

0.99

0.99

Nd

0.99

0.99 0.99

Sm

0.99

0.99 0.99 0.99

Eu

0.99

0.99 0.99 0.99 0.99

Gd

0.99

0.99 0.99 0.99 0.99 0.99

Tb

0.96

0.96 0.97 0.97 0.97 0.97 0.97

Dy

0.99

0.99 0.99 0.99 0.99 0.99 0.99 0.95

Ho

0.99

0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.98

Er

0.93

0.93 0.93 0.93 0.93 0.93 0.93

Tm

0.89

0.89 0.88 0.89 0.89 0.89 0.88 0.84 0.88 0.88 0.99

Yb

0.86

0.86 0.85 0.86 0.86 0.86 0.85 0.81 0.84 0.85 0.98 0.99

Lu

0.82

0.82 0.81 0.82 0.82 0.82 0.82 0.78

U

−0.18 −0.18 −0.18 −0.17 −0.15 −0.14 −0.14 0.03 −0.23 −0.11 −0.2 −0.26 −0.23 −0.23 1

1
1
1
1
1
1

0.9

1
1

0.92 0.93

0.8

1
1
1

0.81 0.96 0.99 0.99

1

Figure 34. 3D spatial diagram plot of factors 1, 2 and 3 of samples
with U > 100 ppm.

 Pole composed of the following elements: Ga, Dy, Ce, Sm, Gd, Eu, Rb, Pr, Tb,
Nd, Y, Th, La, Cs, Tm, Er, Zr, Lu, Ta, Be, Sr, Ba, V, TI, Ta, P2O5, Cr, MgO, Ag,
K2O, TiO2, Al2O3 and W. This pole corresponds essentially to iron-titanium
oxides, monazite accessory minerals, and clays;
 Cu and Hf did not define specific positions.
DOI: 10.4236/gep.2018.68014

214

Journal of Geoscience and Environment Protection

A. D. Bohari et al.

Figure 35. 2D spatial diagram of factors 1 and 2 of samples with U >
100 ppm.

1) Correlation relationship between U > 100 ppm and major oxides
There is a weak positive correlation between SiO2, Al2O3, MnO, MgO and U
(Table 4) reflects the similar geochemical composition of these elements during
the mineralization process. However, there is a negative correlation of U with
F2O3, CaO, Na2O, K2O, TiO2 and P2O5 (Table 4) suggests a close affiliation of
uranium minerals to clay minerals, titanium, and potassium. The negative relationship of U and F2O3 (r = −0.23) indicates the less oxidizing depositional environment of Tarat samples. The similar negative relationship of CaO, P2O5 and
U (Table 4) is essentially related to either low CaO or P2O5 concentrations associated with high U content affected by the pre-weathering phenomenon or attributed to the “dilution effect” of the mineralization.
2) Correlation relationship between U > 100 ppm and trace elements
From Table 5, there is a negative correlation between U, V, Co, Cu, Zn, Mo
and Pb reflecting close affiliation of uranium minerals to feldspar minerals, barytine and zircon or common origin and similar geochemical composition of
these elements. Moreover, there is positive correlation between U, Mo and Cu (r
= 0.81; r = 55). These relationships suggest the volcanicsynsedimentary origin of
these elements.
3) Correlation relationship between U > 100 ppm and REE
There is a positive correlation between U and LREE (Table 6). This relationship suggests similar geochemical composition of these elements and preservation of heavy minerals. However, we noted negative correlation between U and
HREE. The relationship of U and REE suggests that these elements ensure the
control of uranium mineralization distribution during weathering.
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Table 4. Results of correlation analysis between U > 100 ppm and major oxides of Tarat
samples.
Coef

SiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

K2O

TiO2

P2O5

SiO2

1

Al2O3

−0.93

1

Fe2O3

−0.46

0.29

1

MnO

−0.2

0.16

0.49

1

MgO

−0.58

0.48

0.59

0.23

1

CaO

−0.49

0.49

0.05

−0.23

0.18

1

Na2O

−0.54

0.43

0.24

0.02

0.35

0.77

1

K2O

−0.82

0.69

0.36

0.09

0.54

0.63

0.74

1

TiO2

−0.72

0.61

0.56

0.5

0.68

0.45

0.55

0.78

1

P2O5

−0.47

0.37

0.52

0.21

0.53

0.49

0.65

0.5

0.56

U

−0.01

0.03

−0.23

0.04

0.06

−0.11 −0.18 −0.09 −0.09 −0.11

U

1
1

Table 5. Results of correlation analysis between U > 100 ppm and trace elements of Tarat
samples.
Coef

V

Cr

V

1

Cr

0.64

1

Co

0.30

0.56

1

Ni

0.22

0.48

0.43

Cu

−0.24 0.11 −0.05 0.17

Zn

0.13

0.51

0.43

0.86

0.20

1

As

0.28

0.57

0.53

0.53

0.21

0.50

1

Zr

0.60

0.64

0.51

0.74

−0.08

0.74

0.58

Mo

0.34

0.27

0.14 −0.17 −0.11 −0.12 −0.01 0.02

Ag

0.76

0.66

0.33

0.43

−0.19

0.37

0.40

0.66 0.20

1

Ba

0.91

0.62

0.42

0.27

−0.28

0.23

0.32

0.69 0.31

0.84

1

Pb

0.06 −0.42 −0.53 −0.53 −0.54 −0.51 −0.59 −0.32 0.03

0.06

0.08

Th

0.77

0.42

0.06

0.40

0.65

0.80 −0.23

U

0.32 −0.15 −0.15 −0.37

0.55

0.68 −0.37 −0.37 0.61 −0.07 −0.01 0.29 −0.11 1

0.66

Co

0.53

Ni

Cu

Zn

As

Zr

Mo

Ag

Ba

Pb

Th

U

1
1

0.59

1
1

0.73 0.23

1
1

6. Genesis Model for Tarat Sandstone Type Uranium
The sandstone type uranium deposits of Tarat formation from Tim Mersoi basin, Niger which accumulated in the upper Paleozoic sedimentary part (Carboniferous) of the basin could have been derived from double felsic to mafic
rocks of the Air Massif. These sandstones occur in medium to coarse-graineds
and stones deposited in a continental fluvio-deltaic sedimentary environment
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Table 6. Results of correlation analysis between U > 100 ppm and REE.
Coef.

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

La

1

Ce

0.91

Pr

0.75 0.88

Nd

0.84 0.79 0.54

Sm

0.87

Eu

0.83 0.89 0.76 0.87 0.94

Gd

0.79 0.85 0.74 0.87 0.94 0.95

1

Tb

0.45 0.54 0.51 0.43 0.46 0.53

0.57

1

Dy

0.76

0.64 0.79 0.87 0.85

0.86

0.49

1

Ho

0.45 0.56 0.63 0.42 0.61 0.58

0.53

0.37

0.56

1

Er

0.78 0.73 0.59 0.82 0.85 0.81

0.8

0.29

0.78

0.4

Er

Tm

Yb

Lu

U

1

0.9

0.8

1
1

0.79 0.89

1
1

1

Tm

0.73 0.69 0.53 0.69 0.77 0.71

0.68

0.1

0.71 0.31 0.89

Yb

0.84 0.78 0.63 0.87 0.88 0.84

0.86

0.38

0.76

Lu

0.66 0.59 0.54 0.68 0.73 0.68

0.67

0.17

0.62 0.39 0.78

U

0.38 0.28 0.01 0.25 0.12 0.09 −0.06 −0.04 −0.03 −0.2 −0.21 −0.26 −0.3 −0.08 1

0.4

0.95

1
0.84

1

0.75 0.73

1

affected by passive margin (PM) tectonic setting. Impermeable shale/mudstone
units are interbedded in the sedimentary sequence and often occur immediately
above and below the mineralized sandstone. Uranium is precipitated under reducing conditions caused by a variety of reducing agents within the sandstone
which includes carbonaceous material (detrital plant debris, amorphous humate,
marine algae), sulphides (pyrite, H2S), hydrocarbons (petroleum), and interbedded basic volcanics abundant ferromagnesian minerals (chlorite) (Figure 36):
 Considerable proportion of uranium was leached during the weathering of
the mafic and felsic rocks of Air Massif;
 Significant U mineralization is associated with the following stratigraphic
unit of Carboniferous Upper Tagora;
 Uranium occurs in the association U-Mo-Pb or U-Zn-Ni-Pb;
 Mineralization is controlled by the major fault In Azaoua lineament fault NS
of Arlit in the West, the N70˚ Tin Adrar “faisceau” in the North, the N30˚
Mouron accident in the Southeast and N30 Autriche accident in the West;
 Mineralization is limited to cement less porous, fluviatile sandstones with a
high permeability, allowing easy circulation of mineralized fluids of from west
to east usually capped and underlain by impermeable mudstone or clay-rich
units;
 Uranium is precipitated in areas of suitable reducing environment of arid to
humid climatic conditions rich in organic matter.

7. Conclusions
The sandstone-type uranium deposits of Tarat formation from Tim Mersoi
basin, Niger which accumulated in the upper Paleozoic sedimentary part
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Figure 36. Genesis model for Tarat sandstone type uranium deposit.

(Carboniferous) of the basin are geochemically classified as Protoquarzite (i.e.
lithearenite and sublitharenite), arkose, subarkose, wacke and quartz arenite varied in their maturity of granite-gneiss terrain and/or from pre-existing sedimentary terrain materials. The trace element ratios are consistent with most
sandstone being derived from a double source mafic and felsic. Major, trace
elements and REE ratios and diagrams suggest that sediments were derived from
felsic source rocks. The source area may have contained quartzose sedimentary
rocks. The chemical weathering indices (CIA, CIW and PIA) revealed intermediate to intense weathering conditions either in the source area or during transportation. The studied sandstones are inferred as highly mature sediments evidenced from their high SiO2/Al2O3 > 1 and the presence of the ultra-stable clay
minerals, smectite, kaolinite, chlorite and illite. Chondrite-normalized REE patterns for studied samples display high LREE/HREE ratio, flat HREE pattern and
pronounced negative Eu and Ce anomalies and in general correlate well with the
NASC and PAAS average composition.
The sandstone-type uranium deposits of Tarat formation present Th/U < 3
ratio suggesting high uranium enrichment over crust average composition.
From factor analysis it is concluded that a considerable proportion of uranium
was leached during the weathering of the mafic and felsic rocks of Air Massif
and uranium occurred in the association U-Mo-Pb or U-Zn-Ni-Pb structurally
controlled by the major fault in Azaoua lineament fault NS of Arlit in the West,
the N70˚ Tin Adrar “faisceau” in the North, the N30˚ Mouron accident in the
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Southeast and N30 Autriche accident in the West. The fluviatile sandstones with
a high permeability, allowed easy circulation of mineralized fluids from west to
east usually capped and underlain by impermeable mudstone or clay-rich units
and uranium precipitated in areas of suitable reducing environment of arid to
humid climatic conditions rich in organic matter affected by passive margin
(PM) tectonic setting.
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