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Abstract: Uranium anomalies were discovered in ferruginous sandstone in the Khusayyayn For-
mation of the Wajid Group in southern Saudi Arabia. Based on field surveys, ground radiometric
surveys, and chemical analysis, this paper summarizes the characteristics of the lithology and litho-
facies of the ferruginous sandstone and analyzes the genetic mechanism of uranium concentration
in ferruginous sandstone. Ferric iron basically exists in the form of Fe,O3 in ferruginous sandstone,
with an average content of 28.95 wt.%. The formation period of the ferruginous sandstone occurred
during the early synsedimentary and later diagenesis stages from the Carboniferous to the Devonian.
The uranium anomaly is hosted in thin-bedded and lenticular ferruginous sandstone, with a uranium
content ranging from 50 to 766 ppm. The average U-Ra equilibrium coefficient of ferruginous sand-
stone was 1.00, indicating that the uranium was weakly reformed after the uranium concentration.
Ferric ions are closely related to uranium mineralization. The initial concentration of the uranium
occurred during the deposition of the ferruginous sandstone. Most of the uranium was adsorbed
by a ferric colloidal solution, and part of it was reduced by Fe?*, organic carbon, and sulfur in the
uranium preconcentrated stage during the deposition of ferruginous sandstone. The uranium ore
was superimposed, transformed, and concentrated due to the change in the pH environment in the
early Neogene.

Keywords: uranium concentration mechanism; ferruginous sandstone; Wajid group; southern
Saudi Arabia

1. Introduction

Sedimentary iron ore is an important type of iron ore deposit. Its regional geology,
lithology, lithofacies characteristics, and genesis have been studied [1-3]. They are mainly
distributed in shallow marine, sea land alternating, or lacustrine sedimentary facies, mainly
composed of iron quartz sandstone, rich in hematite, limonite, iron carbonate, and iron
sulfide [4,5]. Under the humid and hot paleoclimate conditions, the iron-bearing rocks
of the ancient continent were lateritized and provided a sufficient source of iron, and
the colloidal state of iron was transported to the sedimentary area. Seasonal periodic
changes in oxidation potential lead to the interactive deposition of iron hydroxide and
sandstone. Generally, the acidic rainy climatic conditions are conducive to the formation of
ferruginous sandstone [6,7]. It is also noted that a small part of ferruginous sandstone is
rich in radioactive elements such as uranium and yttrium [8-13]. Uranium anomalies were
found in the ferruginous sandstone of the Wajid Group in southern Saudi Arabia [14,15].
This study is based on field surveys and radiometric ground surveys in the Wajid Group
sandstone outcrop and sample testing research to analyze the metallogenic conditions
of the uranium, evaluate the uranium potential, and delineate the uranium prospects.
The purpose of this paper is to generally summarize the characteristics of the lithology
and lithofacies of the ferruginous sandstone and to comprehensively analyze the genetic
mechanism of uranium concentration in ferruginous sandstone.
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2. Regional Geology
2.1. Regional Geological Settings

The Wajid Group is a Cambrian through Permian siliciclastic succession that is widely
exposed in southern Saudi Arabia, over 196,000 km? between Najran in the south and Wadi
Ad Dawasir in the north (Figure 1) [16-18]. The total thickness of the Wajid Group is approx-
imately 900 m to 4500 m [19]. Wajid Sandstone is one of the most important groundwater
reservoirs and has recently also been an exploration target for hydrocarbons [20-22]. The
lithofacies, depositional environments, and stratigraphic architecture of Wajid Sandstone
have recently been described and interpreted in detail [23-26].
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Figure 1. Geological map showing the Location of Wajid Group (after Al Ajmi, 2015 [26]).

The study area is located in the eastern Wajid Basin adjacent to the south margin
of the Arabian Shield in southern Saudi Arabia. The Proterozoic basements of Arabian
Shield to the west are the possible uranium sources in the study area. The sedimentary
cover of the Arabian plate is quite thick, with ages ranging from the infra-Cambrian to the
Neogene [27,28]. The rifting of the Arabian Shield resulted in the easterly tilt of the Arabian
Shield and the Arabian Platform [16,29,30]. The strata in the Wajid Basin dip eastward
from the western basement, and the dip angle is only 1 to 5 degrees [15,31]. The dip angle
was beneficial to the posterior transformation of the Wajid Group and provided favorable
structural and hydrogeological conditions for the metallogenesis of uranium deposits.

2.2. Wajid Group

The Wajid Group of southern Saudi Arabia was named by Gierhart and Owen in
1948 [32-34]. It unconformably overlaid the Precambrian basement rocks and was overlain
by the late Permian Khuff Formation [35,36]. The lithology of the Wajid Sandstone, ranging
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in age from the Cambro—Ordovician to the Lower Permian, consists primarily of medium
and coarse-grained sandstone. The former research results indicated that the Wajid Group
could be divided into five formations: the Dibsiyah Formation, the Sanamah Formation,
the Qalibah Formation, the Khusayyayn Formation, and the Juwayl Formation [23,37,38].
Most of these formations are separated by major unconformities (Figure 2).
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Figure 2. Lithology and sequence stratigraphy of the Wajid Group (Abdulkadir, 2013 [23]).

The lower member of the Dibsiyah Formation is predominantly composed of medium
to coarse-grained sandstone, trough cross-bedded sandstone deposited in high-energy
braided stream channel environments [36-39]. The Upper Dibsiyah Formation represents a
vast sand—sheet complex with the core and margin facies formed under fluvial to shallow-
marine conditions. The Sanamah Formation records the Late Ordovician Hirnantian
glaciation with coarse sandstones and conglomerates [23,40]. A variety of glacier-induced
sedimentary structures are present. The latest of these cycles is overlain by a few meters of
marginal-marine sediments of the Qalibah Formation. The Khusayyayn Formation, proba-
bly deposited during the Early Devonian, represents a shore environment characterized
by the dominance of mega-scale and giant cross-beds and bed sets [41-43]. The Juwayl
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Formation of the late Carboniferous was deposited at the interface of the Late Palaeozoic
Gondwana ice shield, with a large lake that may have covered most of southern Arabia
and the adjacent areas [23,44].

2.3. Ferruginous Sandstone

In the geological field survey, ferruginous sandstone was mainly found in the Khusayyayn
Formation and occasionally in the Dibsiyah and Sanamah Formation of the Wajid Group [45,46].
The Khusayyayn Formation is a marine shore deposit, and the lithology is mainly brownish-
yellow coarse sandstone, and mudstone is rarely seen in the study area (Figure 3). The
thickness of the body of the ferruginous sand is between 1 and 3 m, and it has a massive
structure, medium sorted and rounded, with large cross-bedding and parallel bedding [47,48].
The ferruginous sandstone is mainly distributed along the bottom or bedding of the sandstone.
It was thin-bedded and lenticular, with a thickness from 0.1 to 1.5 m and a distribution range
from 10 to 100 m. The ferruginous sandstone was dense, hard, and water permeable. Uranium
anomalies were discovered in the Wajid Group, primarily hosted in the ferruginous sandstone
in the Khusayyayn Formation [12,15].

Wajid = Sedimentary Sandstone - Shore -Ferruginous
- sandstone // bedding surface 58 sandstone sandstone

Figure 3. Geological sketch section of the ferruginous sandstone in Khusayyayn Formation of
Wajid Group.
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3. Sampling and Analytical Methods

Sampling, sample preparation, and chemical analysis were conducted at the Analytical
Laboratory of Beijing Research Institute of Uranium Geology (ALBRIUG) in China strictly
in accordance with laboratory standards, ensuring the accuracy and precision of the assay.

3.1. Sampling and Sample Preparation

The surface samples of the ferruginous sandstone were collected randomly from the
Wajid Sandstone for chemical assay by two of the authors of this article, Dr. Feng He and
Xide Li in 2017. The fresh samples were photographed, packed into special cloth bags, and
then labeled with the sample codes.

The weathered surfaces were cut and removed, and the samples were then ground to
less than 200 meshes with an agate mortar. The dry and coarsely crushed samples were
put into a jaw crusher (Retsch BB250XL) and ground until they were less than 4 mm (70%
passed through a 4-mm sieve). The samples less than 4 mm were processed in a disk mill
(Retsch DM200) and ground to less than 1 mm (95 wt.% passed through a 1-mm sieve).
After this process, the quartering milled samples of less than 1 mm were further pulverized
with a pollution-free planetary ball mill (Retsch DM400) to 75 um (85% passed through a
75 um sieve) and split by quartering. The milled samples were slowly put into disposable
plastic bottles with a small, clean plastic spoon. After one sample was processed, fresh
quartz sand was used to wash the containers used in the processing.

3.2. Analytical Methods

(1) Petrography

Veins filled with organic matter, pyrite, and clay minerals that were produced by the
thin polished sections, were selected for petrographic and mineralogical studies using
optical microscopy (transmitted and reflected light) and scanning electron microscopy
(SEM) in the backscattered electron mode equipped with an energy dispersive X-ray
spectrometer (EDS). The SEM-EDS uses a Nova Nano SEM450\ TESCAN-VEGA\ LMU
SEM with a LINK-ISISX alpha particle spectrometer. The SEM analysis was operated at
15 kV in 150 high-vacuum modes, with manual aperture and 4.5 beam spot sizes. All of the
SEM thin sections were coated with thin carbon to ensure surface conductivity.

(2) Geochemical composition

The chemical compositions of the selected grains under the thin sections were deter-
mined using a JXA-8100 electron microprobe analysis (EMPA). The analytical conditions
were a 15 kV acceleration voltage, a 20 nA probe current, a 1~5 microns beam diameter
depending on the grain size, a 10 s counting time for the major elements, 20 s for the minor
elements, and 40 s for the trace elements.

The samples were powdered below 200 meshes in an agate mill for the whole-rock
geochemical composition analysis. The major compositions were measured using AB104L
X-ray Fluorescence (XRF) on fused glass beads, and the particular experiment procedures
are referred to in reference [49,50]. The trace element compositions were analyzed using
the Nexion 300d plasma mass spectrometer (ICP-MS); the detailed steps are illustrated
in reference [51-55]. The chemical assay only qualified if the relative standard variation
(GBW04131, GBW04132, GBW04133) between the duplicate samples was less than 5% and
the accuracy of the CRM was greater than 99.9%.

(3) U and Pb isotope and dating

The U and Pb isotopes were analyzed using an ISOPROBE-T Thermal Ionization mass
spectrometer (TIMS). The samples were crushed and milled to fine-grained sand before
splitting with a micro splitter to yield representative 5 g fractions for dissolution. The ap-
proach of Ludwig et al. (1985) was used in that all of the samples were completely dissolved
in hot HF-HNO3-HCIO4 at 1 atm before small (2-20 uL) liquid aliquots of the 50 mL total
solution were employed for U and Pb purification using conventional HBr (Pb) and HNO3
(U) ion exchange column techniques [56]. The U and Pb concentrations within the aliquots
were determined by isotope dilution mass spectrometry before the isotopic compositions
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were determined using TIMS. The Pb isotope ratios were corrected for mass discrimination
and laboratory blanks, and the uncertainties vary somewhat from sample to sample but are
on average 0.01% (on a 20 basis) for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, and
~0.15% for 238U/204Pb and 235U /204Pb. The acceptable precision for Certified Reference
Material (CRM) analyses is 208Pb/204Pb = 36.690 + 0.004, 207Pb/204Pb = 15.489 £ 0.001,
and 206Pb/204Pb = 16.936 £ 0.002 (for NBS9810) and 235U /238U = 1.022220 + 0.00015 (for
UTB500) [55,57]. Uncertainties and error correlations for the blank-corrected isotope ratios
(all blank corrections were negligible) and the resulting concentrations were determined
using the equations of Ludwig (1980, 1984) [58,59]. All of the uncertainties are given at the
95% confidence level, and the ore isotopic ratios (206Pb /238U and 207Pb/235U) were used
to estimate ages using ISOPLOT [60].

Ra226 was conducted on the GMX-50A-Plus High-Purity Germanium Gamma Spec-
trometer by the standard of GB/T 11743_2013 (Determination of radionuclides in soil by
gamma spectrometry).

All of these experiments above were performed at the Geological Analysis and Testing
Center, Beijing Research Institute of Uranium Geology (BRIUG), Beijing, China.

4. Results
4.1. Ferruginous Sandstone Petrological Identification

Ferruginous sandstone was primarily found in the Khusayyayn Formation. The lithol-
ogy is mainly dark grey, black, purple, or brownish-yellow coarse ferruginous sandstone
(Figure 4a,d,g). The clastic particles of the ferruginous sandstone were sub-angular, and the
cementation mode was primarily contact cementation (Figure 4b,e h). The clastic materials
mainly primarily consisted of quartz, minor feldspar, other heavy minerals, and some
organic carbon, mainly containing silicon (Figure 5c). The mainly interstitial material was
hematite, limonite, goethite, and a small number of manganese oxides (Figure 4b,c,f h,i),
concentrated with a large number of iron elements (Figure 5a,b). The scanning images
of uranium and ferric ions in the electron probe image are consistent with each other
(Figure 5a,d). The ferrous oxide observed by SEM in the ferruginous sandstone of the Wajid
Group was granular (Figure 6a,c,d), filamentous (Figure 6b), and spherical ferrous oxide
aggregate (Figure 6c).

Figure 4. Ferruginous sandstone lithology and alteration features in Wajid Sandstone. (a—c) Y5.1/SR08:
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Dark grey coarse ferruginous sandstone. Ferrous cemented quartz sandstone: Quartz is the main
mineral particle that contains a small amount of feldspar, hematite, and limonite filling the space
between mineral particles. (d—f) Y5.1/SR07: Dark grey and brownish-yellow gravel-bearing coarse
ferruginous sandstone. Quartz is the main mineral particle, with a gravel structure. Hematite
primarily fills the spaces between the mineral particles and occurs in the intergranular pore and
intragranular dissolved pores. (g-i) Y5.1/SR06: Dark grey coarse ferruginous sandstone. Hematite
can be seen in the sandstone. Sericite alteration occurs on the surface of the feldspar particles, and
goethite fills the spaces between the mineral particles. Q—quartz; Hem—hematite; Lm—limonite;
Ser—sericite; Gt—geothite.
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Figure 5. Element distribution of ferruginous sandstone in Wajid Group (Y5.1/SR08). (a) Distribution
map of iron element content, including hematite in red area with high iron concentration and limonite
with micropores in yellow area; (b) Cathodoluminescent photograph of sample; (c) Distribution map
of organic matters; (d) Distribution map of uranium. Q—quartz; Hem—hematite; Lm—Ilimonite;
C—organic carbon; U—uranium.

UAS.1-SM17

Figure 6. SEM characteristics of ferruginous sandstone of Wajid Group. (a) UA5.1/SM09: granular
ferrous oxide aggregate; (b) UA5.1/SM11: filamentous ferrous oxide; (c) UA5.1/SM17: spherical and
granular ferrous oxide aggregate; (d) UA5.1/SM17: granular ferrous oxide aggregate.
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4.2. Ferruginous Sandstone Chemical Characteristics

(1) Major element content

The SiO; content of ferruginous sandstone ranges between 6.67 wt.% and 81.35 wt.%
with an average value of 56.73 wt.%. The Fe element in the Wajid ferruginous sandstone
basically exists in the form of ferric iron, with Fe,O3 content of 12.04~84.97 wt.% and an
average content of 28.95 wt.%. The content of FeO is mostly lower than 0.1 wt.% and the
highest content is only 0.64 wt.%. The manganese content of some ferruginous sandstone is
also high, with an average MnO content of 0.85 wt.% and a maximum of 3.43 wt.% (Table 1).

(2) Organic carbon and sulfur

The organic carbon and sulfur analyses showed that the average content of organic
carbon was 0.067 wt.%, and the average sulfur content was 0.045 wt.%. The content of
the organic carbon in ferruginous sandstone is not different from other sandstones, with
an average of 0.0588 wt.%; the content of sulfur increased significantly, with an average
of 0.0672 wt.% (Table 2). The content of sulfur displayed a good correlation coefficient
with the uranium content. It indicates that sulfur, as one of the reduce matters, plays a
significant role in the concretion of uranium, and the sulfur was always disseminated in
the hematite matrix.

(3) pH and Eh

The pH value of the Wajid sandstone in the study area was between 8.49 and 9.80, with
an average value of 8.98. This indicated a weak alkaline environment (Table 2). The Eh
value was between 192 and 251 mV, and the average value was 226.45 mV. The average pH
of the ferruginous sandstone was 8.61, with a higher Eh of 246.25 mV. It was concluded
that the Wajid Sandstone, which included the ferruginous sandstone, was in an alkaline
oxidation environment.

4.3. Ferruginous Sandstone Uranium Anomaly

(1) Uranium content

The uranium anomaly is only found in the part of the ferruginous sandstone of the
Khusayyayn Formation. Uranium anomalies were re-checked or newly discovered within
the zonal distribution from north to south in the study area (Figure 7). The anomalies were
hosted in ferruginous sandstone, with a uranium content ranging from 50 to 766 ppm in the
Khusayyayn Formation of the Wajid Group. The economic value of uranium resources is
relatively poor since the uranium anomaly hosted in the thin-bedded and lenticular ferrug-
inous sandstone is less than 1.5 m in thickness and less than 100 m in length. Furthermore,
metallurgical tests confirmed that uranium, trapped mainly in the lattice of hematite and
goethite, is not easily leachable using conventional methods. Because the uranium anomaly
is distributed in the uninhabited area, the uranium content is not particularly high, and its
radioactivity has little impact on the environment.

(2) Ra content

The results of the U and Ra contents in subarea 5.1 were preliminarily analyzed, and
the U-Ra equilibrium coefficient (Kp) was calculated. Overall, the Kp was relatively stable
and was between 0.87 and 1.12, with an average of 0.96. The average Kp value of the
ferruginous sandstone was 1.00, and only a small amount of uranium loss or concentration
existed. This result indicates that uranium in the ferruginous sandstone was weakly
reformed after the uranium concentration. The Kp of the yellow sandstone was less than
1.00, indicating that there was uranium loss in the yellow sandstone at a late stage (Table 3).
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Table 1. Contents of major elements (in wt.%) and U, Th (in ppm) in ferruginous sandstone of Wajid Group.

Sample Coordinates Test Results
Number Longitude Latitude Elevation SiO, Al,O3 Fe, O3 MgO CaO Na, O K,O MnO TiO, P,0s LOI FeO Th U
A5.1/SR01 44°14/13.08" 18°58/24.82" 1312 57.80 1.06 31.67 0.18 1.24 0.04 0.22 1.18 0.05 0.22 5.76 <0.10 1.09 107
A5.1/SR02 44°13'42.80" 19°04'30.19” 1312 59.96 1.47 27.89 0.23 2.72 0.06 0.34 0.11 0.06 0.22 6.36 <0.10 1.03 67.4
A5.1/SR05 44°13'50.24" 19°04/28.00” 1184 61.97 2.02 22.85 0.22 3.78 0.03 0.25 1.72 0.11 0.18 6.27 <0.10 1.68 374
A5.1/SR06 44°13'50.25" 19°03'09.06” 1167 63.15 1.51 21.91 0.24 4.29 0.02 0.26 1.43 0.07 0.12 6.44 <0.10 2.13 40.7
A5.1/SR07 44°14'13.08" 18°58/24.8" 1194 64.11 1.07 26.70 0.25 1.41 0.03 0.26 0.59 0.05 0.26 4.72 <0.10 1.39 237
A5.1/SR08 44°14'32.37" 18°57'51.03" 1217 72.67 1.86 17.96 0.16 1.64 0.10 0.25 0.23 0.07 0.12 440 <0.10 2.96 76.3
A5.1/SR09 44°16'59.87" 18°5729.95” 1249 51.89 1.44 3291 0.30 3.42 0.03 0.29 1.28 0.05 0.13 7.70 <0.10 2.84 10.8
H5.1/SR06 44°13/42.80" 19°04/30.19” 1312 61.77 1.11 27.22 0.20 2.57 0.04 0.26 0.15 0.05 0.22 5.87 <0.10 141 52.5
H5.1/SR07 44°13'50.24" 19°04/28.00” 1184 59.90 1.48 22.99 0.18 5.65 0.02 0.24 1.80 0.09 0.19 6.87 <0.10 1.75 766
H5.1/SR08 44°13/50.26" 19°03'09.07” 1167 62.97 0.68 23.29 0.19 3.67 0.02 0.14 1.98 0.04 0.19 6.28 <0.10 3.89 48.5
H5.1/SR09 44°14'13.08" 18°58/24.8" 1194 60.30 1.07 29.69 0.15 0.58 0.04 0.30 224 0.06 0.21 4.82 <0.10 1.40 176
W5.1/SR01 44°14'32.33" 18°59'50.22" 1202 58.46 1.42 23.02 0.13 6.22 0.05 0.34 2.23 0.06 0.09 7.76 <0.10 2.33 6.1
W5.1/SR03 44°13'42.80" 19°04/30.19” 1312 60.84 1.49 28.67 0.21 1.95 0.05 0.44 0.09 0.09 0.21 5.77 0.45 11.50 58.6
W5.1/SR04 44°13'50.24" 19°04/28.00” 1184 61.32 1.91 24.63 0.21 3.35 0.07 0.23 1.35 0.11 0.19 6.39 <0.10 2.86 279
W5.1/SR05 44°13/50.24" 19°03'09.05” 1167 62.99 1.52 20.99 0.15 4.67 0.04 0.27 2.67 0.08 0.08 6.35 <0.10 391 36.1
UA5.1/SM01 44°13'34.02" 19°06'47.58" 1164 41.27 18.22 29.82 0.24 0.28 0.07 0.54 0.02 1.08 0.39 7.80 0.28 18.10 86.9
UA5.1/5M02 44°13/34.02" 19°06'47.58" 1164 75.43 2.13 16.98 0.35 1.28 0.05 0.13 0.05 0.12 0.16 3.29 0.27 6.67 73.7
UA5.1/SR03 44°10'20.57" 19°26'08.40" 1153 6.67 2.92 84.97 0.08 0.37 0.02 0.07 0.03 0.15 0.71 3.98 0.29 6.31 92.5
UA5.1/SM04 44°14'13.21" 18°57/28.52" 1216 59.57 1.57 32.23 0.11 0.34 0.04 0.46 1.19 0.05 0.13 417 <0.10 2.68 39
UA5.1/5SM05 44°12'31.04" 19°01'54.38" 1221 68.68 2.32 24.86 0.15 0.69 0.05 0.61 0.07 0.06 0.13 2.29 0.33 191 215
UA5.1/SM06 44°12'31.04" 19°01'54.38" 1221 50.65 14.08 23.43 0.18 0.87 0.09 1.81 0.03 0.65 0.20 7.80 0.41 16.70 73.9
UA5.1/SM07 44°12/31.04" 19°01'54.38" 1221 55.94 12.17 22.58 0.25 0.24 0.05 0.71 0.03 0.78 0.14 7.05 0.27 10.80 163
UA5.1/SM08 44°12'27.85" 19°03'17.79” 1173 70.44 2.19 14.22 0.16 5.27 0.04 0.42 0.05 0.21 0.10 6.83 0.39 5.24 36.8
UA5.1/5M09 44°13/27.85" 19°03'17.79” 1173 39.86 6.53 38.63 0.16 1.17 0.09 1.57 3.43 0.45 0.29 7.52 <0.10 6.93 210
UA5.1/SR06 44°13'27.85" 19°03'17.79" 1173 71.08 7.13 12.12 0.10 0.56 0.13 1.97 2.51 0.49 0.05 3.82 <0.10 1.48 7.71
UA5.1/SM10 44°13'27.85" 19°03'17.79” 1173 60.97 0.75 22.31 0.22 6.22 0.03 0.16 1.08 0.04 0.28 7.81 <0.10 2.20 183
UA5.1/SM11 44°14'01.95" 19°03'08.99” 1158 59.35 0.98 31.07 0.18 1.37 0.05 0.07 0.66 0.09 0.58 449 <0.10 1.03 320
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Table 1. Cont.

Sample Coordinates Test Results

Number Longitude Latitude Elevation SiO, Al,O3 Fe, O3 MgO CaO Na, O K,O MnO TiO, P,05 LOI FeO Th U
UA5.1/SM12 44°16'43.75" 19°01'51.87" 1181 10.38 3.67 70.00 0.38 221 0.05 0.23 0.41 0.18 0.25 12.14 <0.10 5.90 58.2
UA5.1/SM13 44°20'21.78" 19°03'06.45" 1141 59.58 1.56 31.55 0.15 1.64 0.03 0.12 0.15 0.07 0.14 495 0.46 4.04 11.9
UA5.1/SM15 44°20'26.45" 19°03/25.95” 1137 48.39 0.89 44.66 0.16 2.31 0.02 0.04 0.05 0.02 0.14 3.28 0.64 2.42 642
UA5.1/SM16 44°05'23.54" 18°54'46.68" 1324 81.39 0.76 12.04 0.12 1.72 0.03 0.08 0.30 0.09 0.08 3.35 0.36 2.28 51.9
UA5.1/SM17 44°13'47.42" 18°54/32.57" 1254 50.15 9.05 26.42 0.18 3.76 0.10 1.24 0.35 0.33 0.11 8.14 0.41 17.30 365
UA5.1/5M18 44°13'47.42" 18°54/32.57" 1254 4391 6.93 33.87 0.36 3.75 0.17 1.28 0.13 0.29 0.13 8.67 <0.10 17.00 627
UA5.1/SR28 44°13'25.24" 18°56'20.08" 1239 37.13 14.86 38.34 0.21 0.33 0.04 0.45 0.01 0.84 0.75 6.62 0.46 18.20 39.1
UA5.1/SR33 44°04/45.93" 18°47'43.83" 1352 74.60 0.55 20.92 0.08 0.34 0.02 0.02 0.09 0.10 0.46 2.80 0.55 1.62 434
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Table 2. pH and Eh values of sandstone in the Khusayyayn Formation in study area.

Sample . . . Organic Carbon S Eh
Number Longitude Latitude Lithology Name U (ppm) (Wt.%) (Wt.%) pH (mV)
H5.1/SR01  44°14/31.38"  20°13'35.46" Yellow sandstone 1.44 0.058 0.006 9.29 192
H5.1/SR02  44°14’31.38"  20°13/35.46" Gray sandstone 26.3 0.081 0.029 9.25 206
H5.1/SR03  44°14/32.33"  18°59'50.22”  Light yellow sandstone 2.07 0.094 0.011 9.24 205
H5.1/SR04  44°14'13.08"  18°58/24.82" Yellow sandstone 11.1 0.078 0.015 9.80 226
H5.1/SR05 44°13/17.90"  19°04/20.03" Yellow sandstone 3.9 0.061 0.125 8.68 236
H5.1/SR06  44°13/42.80"  19°04'30.19" Black ferruginous 525 0.069 0.057 8.56 245
sandstone
H5.1/SR07  44°13/50.24”  19°04/28.00" Black ferruginous 766 0.060 0.075 8.69 241
sandstone
H51/SR08  44°13/50.26"  19°03/09.07"  Drownish ferruginous 485 0.054 0.059 8.69 248
sandstone
H5.1/SR09  44°14'13.08”  18°58'24.80" Black ferruginous 176 0.052 0.078 8.49 251
sandstone
H5.1/SR10  44°3003.44"  20°21'44.12" Gray sandstone 0.945 0.062 0.024 9.10 224
H5.1/SR11  43°57'19.82"  19°25'54.81" Red sandstone 1.65 0.064 0.014 9.03 217
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Figure 7. Profile location plan and geological section of Wajid Sandstone with ground radiometric
surveys profiles.

Table 3. U-Ra equilibrium coefficient table in study area.

Sample . . . Up

Number Longitude Latitude Lithology Name U (ug/g) Ra (Bq/g) Kp (ug/e)
A5.1/SR01  44°14/13.08"  18°58'24.82"”  Yellow ferruginous sandstone 107.00 1.296 0.98 104.43
A5.1/SR02  44°13/42.80”  19°04/30.19”  Black ferruginous sandstone 67.40 0.892 1.07 71.88

A5.1/SR03 44°13’42.80"”  19°04/30.19” Yellow sandstone 2.95 0.036 0.99 2.93
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Table 3. Cont.

13?:;1:’1:1_ Longitude Latitude Lithology Name U (ug/g) Ra (Bq/g) Kp (L}‘Jg?g)
A5.1/SR04 44°13'42.80" 19°04/30.19" Yellow sandstone 3.24 0.035 0.87 2.80
A5.1/SR05  44°13/50.24”  19°04/28.00”  Black ferruginous sandstone 374.00 4.334 0.93 349.23
A5.1/SR06  44°13'50.25"  19°03'09.06”  Black ferruginous sandstone 40.70 0.482 0.95 38.84
AB.1/SR07  44°14’13.08"  18°58'24.8”  Black ferruginous sandstone 237.00 2.607 0.89 210.07
A5.1/SR08  44°14/32.37"  18°57'51.03”  Yellow ferruginous sandstone 76.30 0.826 0.87 66.56
A5.1/SR09  44°16'59.87"  18°57'29.95”  Yellow ferruginous sandstone 10.80 0.118 0.88 9.51
AB5.1/SR10  44°1317.90”  19°04'20.03”  Black ferruginous sandstone 3.49 0.044 1.03 3.58
A5.1/SR11  44°16/59.90”  18°57'29.90”  Black ferruginous sandstone 3.21 0.045 1.12 3.60

4.4. Ferruginous Sandstone Uranium Minerals

(1) Uranium minerals

The EPMA result of the ferruginous sandstone shows that there are two main existing
forms of uranium in the study area (Figure 8, Table 4): (1) Part of the uranium minerals
are found in the residual heavy mineral. The accessory minerals are primarily zircon,
tourmaline, monazite, and barite. (2) The uranium minerals that occur in fissures of
quartz, gypsum, and other debris particles displayed star shapes and banded bands.
Small amounts of uranium minerals appear to be adsorbed dispersedly by ferruginous
cementation, organic matter, pyrite and argillaceous cementation. It was found that the
uranium exists in the form of pitchblende, and some REE was found using SEM in the
ferruginous sandstone in the study area.

UA5.1-SM01 UA5.1-SM10 UA5.1-SM01

n JEOL.. COM Vo 1,000 mmnm JEOL. . COMP v x1,008  16pm rio AT %1,000  160m A0
UA5.1-SM11 UA5.1-SM11 e UAS5.1-SM11

Hem ; / Hem

ﬂ JEOL.. COMP 20.0KY  x1,000  1dpm oD IS JEOL.. COMP 2B.0KY <550 10 WiRGEE JEOL.. COMP 20,0V x1,000  1Gpm o

Figure 8. Existence form of uranium minerals in the Wajid Sandstone. (a,b) Zircon minerals contain a
small amount of uranium; (c¢) Uranium and thorium are wrapped in zircon; (d) Uranium is adsorbed
by pyrite on the surface of quartz; (e,f) Uranium occur in fissures of gypsum and quartz. Qtz—quartz;
Zrn—zircon; U-uranium; Th—thorium; Hem—hematite; Py—pyrite; Gp—gypsum.
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Table 4. Contents of elements (in wt.%) of EPMA data in ferruginous sandstone.
Sample Test Results (wt%)
Number Test Point Y,03 SiO, FeO U0, MgO Na,O TiO, ThO, AsyO5 Al,O3 MnO PbO
1 1.15 12.57 0.18 22.83 / / / 51.96 / / 0.13 0.15
UA5.1/SM01
2 / 29.66 0.19 10.81 / / / 7.67 0.07 / 0.06 1.16
UA5.1/SM 10 1 1.03 25.01 0.28 5.77 0.04 0.49 / 30.67 / 0.69 / 0.86
1 0.19 1.38 1.83 87.86 / 1.04 0.61 / / / 1.33 0.28
2 / 13.41 191 60.58 0.14 0.08 0.16 / 0.16 0.04 / /
UA5.1/SM 11 3 / 3008 214 4846  0.07 0.14 / / / 0.01 0.24 /
4 / 1.20 1.19 91.18 / 0.19 / / / 0.07 1.02 0.14
5 0.30 3.72 2.42 82.09 0.06 1.19 0.16 / 0.29 0.03 0.58 0.28
Sample Test Results (wt%)
Number Test point V,0; KO Nd,O3 CaO Cey03 SOj3 La,O3 ZrO, Pr,O3 P,05 SnO, Total
1 0.08 0.30 / 0.18 / / / 0.23 / 1.88 / 91.64
UA5.1/SM01
2 / / / / 0.30 0.04 0.25 44.26 0.13 1.61 / 96.21
UA5.1/SM 10 1 0.11 0.19 / 0.09 / / / 27.21 0.08 0.91 / 93.43
1 / 0.26 / 1.38 0.35 0.12 / 0.74 / 143 / 98.80
2 / 1.50 0.26 11.67 / 8.63 / 0.15 0.05 0.27 / 99.01
UA5.1/SM 11 3 / 0.51 / 3.55 / 0.09 / 0.15 / 0.60 / 86.04
4 / 0.20 / 0.55 / / 0.37 / / 1.21 / 97.32
5 / 0.29 / 1.26 0.22 1.48 / 0.47 / 2.73 / 97.57

(2) U-Pb dating
The U-Pb dating data of the ferruginous sandstone indicated that the primary met-

allogenic age of the uranium is 22.58 + 0.47 Ma (Figure 9, Table 5). This demonstrated
that most of the uranium in the ferruginous sandstone was reformed during a later stage
because the age of the mineralization was significantly younger than the age of the host
rocks. The uranium mineralization primarily formed in the sedimentary and diagenetic
stage and it was concentrated in the later stage. The uranium mineralization age of the
later stage occurred during the Neogene.
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Figure 9. Uranium metallogenic age of the ferruginous sandstone.
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Table 5. Isochron age of U and Pb of ferruginous sandstone in Wajid Basin.

;iﬁf:r Ul(ug/g)  Pb(ug/g) PBULMPb 208Pb/2%Pb 207Pp/204Pb  206Pb/2%4Pb
UA51/SM01 869 37.3 160.655 39.767 16.113 23.003
UA5.1/SM04 39 155 170.314 39.135 15.956 20.803
UA5.1/SM05 215 163 906.008 39.054 16.123 23.333
UA51/SM10 183 21.0 625.821 39.128 16.274 26.766
UA5.1/SM11 320 29.5 977.673 39.232 17.347 46.660
UA5.1/SM17 365 64.4 380.684 39.115 16.034 21.565
UA5.1/SM18 627 335 1309.290 39.014 16.197 24.807

5. Discussions
5.1. Genesis of Ferruginous Sandstone

Ferruginous sandstone was primarily found in the Khusayyayn Formation. The
primary type of cementation was basal cementation, showing that the ferrous cements were
primarily formed during the syndiagenetic stage. Occasional porous cementation indicated
that the period of the cements was not later than the later diagenetic stage. Ferrous cements
of the sandstone were mainly goethite aggregates transformed from limonite. Cracks
occurred in the rocks after the early diagenetic stage, and calcium veins filled the cracks.
Veins cut through the quartz mineral particles, or surrounded the particles, or were found
at the enlarged edges of the particles. After the calcium cementation, limonite and goethite
transformed into hematite, and the hematite replaced the calcium cements. Hence, the
residual calcium cements appear as rhino horn-like residues.

The formation period of the ferruginous sandstone was in the early synsedimentary
and later diagenesis stage in the study area. The ferruginous concretion was found to be
formed in the sedimentary period, with an eU content of 30—40 ppm (Figure 10a,b). The
preconcentration of uranium existed in the synsedimentary stage, later transformed with
the highest eU content of 341.74 ppm (Figure 10c). Part of ferruginous sandstone formed in
the later diagenesis period, with low eU content (Figure 10d).

5.2. Mechanism of Uranium Concentration in Ferruginous Sandstone

(1) Ferruginous sandstone sedimentary period (uranium preconcentrated period)

The ferruginous sandstone in the Wajid Group is mainly found in the Khusayyayn
Formation of the Early Devonian. The lithology of the Khusayyayn Formation is brownish-
yellow and light-yellow medium-coarse sandstone containing lenticular ferruginous sand-
stone, with large-scale cross-bedding and a small number of parallel laminae, which is a
typical littoral continental beach deposit. The humid and hot paleoclimate conditions are
conducive to the weathering of the rocks in the Arabian Shield and provide a sufficient
source of iron [61]. Ferrous matters were transported to the shallow water environment of
the relatively closed or semi-closed inland bay in the Wajid Basin in the form of colloidal
and fine suspended gel oxides from the Arabian Shield. With the increased sea level, its
hydrodynamic conditions were weaker, which was more favorable for the sedimentation
of ferruginous sandstone. The ferrous mineral assemblages are hematite, limonite, and
goethite and were mainly formed during the sedimentary and diagenetic periods. Uranium
matters were also weathered and transported to the basin from the uranium-rich granite
bodies in the Arabian Shield [62], then adsorbed by ferrous cements. The uranium was
preconcentrated during the sedimentary and diagenetic periods. A small part of uranium
was distributed in heavy minerals, most of which were free stated and adsorbed by the
ferrous cement (Figure 5d), and the uranium content was generally 20~50 ppm (Figure 11a).
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Figure 10. Synsedimentary and later diagenesis ferruginous sandstone in study area. (a,b) Ferrug-
inous concretion formed in the sedimentary period with eU content of 3040 ppm; (c) Uranium
anomaly in ferruginous sandstone formed in the sedimentary period, 15-30 cm thick, later trans-
formed with eU content of 341.74 ppm; (d) Ferruginous sandstone formed in later diagenesis period,
2—4 cm thick, with eU content of 5.2 ppm.

(2) Ferruginous sandstone transformation period (uranium transformation period)

With the slow uplift of the Arabian shield, the ferruginous sandstone of the Khusayyayn
Formation was exposed to the surface and denuded. The ferruginous sandstone was trans-
formed, and the uranium deposits were superimposed and transformed by the metallogenic
fluid. The main type of uranium mineral was pitchblende, distributed in the fissures, solu-
tion pores, and solution fissures of quartz particles. The isochronous uranium metallogenic
age given by the whole-rock U and Pb isotope assaying was 22.58 & 0.47 Ma in the early
Neogene. Due to the hot and dry climate in the Neogene, the limonite and goethite in
the ferruginous sandstone were further oxidized and dehydrated to form hematite. The
uranium preconcentrated in the ferruginous sandstone during in sedimentary period was
superimposed and transformed by the oxygen-containing uranium fluid and further con-
centrated in the cracks or dissolved pores of quartz to form uranium mineralization. The
uranium content is generally 80~1000 ppm (Figure 11b).

5.3. Role of Ferric lons in Uranium Mineralization

Ferric ion is one of the standard ions in the redox environment of natural water. In
temperate, tropical climates, Fe is easily taken out of the weathering crust by surface water
as Fe (OH)3 colloid. Under the protection of an appropriate amount of humic acid or
combined with humic acid to form a stable complex, Fe is transported by rivers to the
catchment basin, distributed in the shallow sea on the continental margin, parallel to the
coastline, and occurs in layers or lenticular. The scanning images of the uranium and ferric
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ions are consistent with each other, indicating that the ferric ions are closely related to
uranium mineralization. The concentration of ferric and uranium ions in water, the acidity
and alkalinity of water, chemical composition, temperature, and pressure have effects on
the redox reaction between ferric and uranium. Under standard conditions, when the
temperature, pressure, uranium, and iron content in the water remain unchanged, Fe2*
can reduce U®" in an alkaline medium, and the electrochemical reaction can be carried out
spontaneously. The pitchblende-limonite or hematite-type uranium mineralization in the
study area is the product of ferrous ion reduction.
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Figure 11. Uranium metallogenic model of Wajid ferruginous sandstone. (a). Sedimentary and
diagenetic period of ferruginous sandstone; (b). Ferruginous sandstone transformation period.
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The paleoclimate of the Wajid sandstone sedimentary period was a temperate climate.
The uranium-rich rock of the Arabian shield was oxidized and denuded, and most of the
uranium in the rock was oxidized and dissolved, and migrated to the basin in the form of
UO,2+, UO»(S04)n20™M, UO,(CO3)nX1 ™, The ferruginous sandstone in the sedimentary
period contained a mixed colloidal solution of Fe3* and Fe?", which was generally a weak
alkaline environment. When the oxygenated uranium-bearing water encountered the ferric
colloidal solution, most of it was adsorbed by Fe(OH)s, and part of it was reduced and
precipitated by Fe?*, organic carbon, and sulfur, forming the preconcentration of uranium,
dispersed in the ferric cementation. During the transformation period of ferruginous
sandstone in the early Neogene, the average pH values of the ferruginous sandstone and
the surrounding sandstones were 8.98 and 8.49. The alkaline environment caused the
dissolution of quartz particles to form a large number of dissolution pores and fissures.
When the pH value was greater than 7.5, the uranium adsorbed by early Fe(OH); began
to resolve, and the uranium was filled into the corrosion pores and fissures, making the
uranium ore further superimposed, transformed, and concentrated.

6. Conclusions

1. The ferruginous sandstone is mainly found in the Khusayyayn Formation of the Wajid
Group, mainly distributed along the bottom or bedding of the sandstone, thin-bedded
and lenticular, mainly cemented by hematite and limonite. The ferric iron basically
exists in the form of Fe;O3 in the ferruginous sandstone, and a small amount of
reducing substances remains, such as FeO, organic carbon, and sulfur.

2. All of the uranium anomalies were hosted in ferruginous sandstone in the Khusayyayn
Formation of the Wajid Group. It indicates that the uranium was weakly reformed
after the uranium concentration in an alkaline oxidation environment.

3. Itis concluded that there was poor potential for uranium mineralization in the fer-
ruginous sandstone in the work area, and its radioactivity has little impact on the
environment. The primary reason is that the uranium mineralization in the ferrugi-
nous sandstone was small in size and unfavorable for in situ leaching mining.

4. The formation of the ferruginous sandstone in the study area occurred during the
early synsedimentary and later diagenesis stages. The initial concentration of the
uranium occurred during the deposition of the ferruginous sandstone.

5. Ferric ions are closely related to uranium mineralization. Most of the uranium was
adsorbed by ferric colloidal solutions, and part of it was reduced by Fe?*, organic
carbon, and sulfur in the uranium preconcentrated stage during the ferruginous sand-
stone deposit. The uranium ore was superimposed, transformed, and concentrated
due to the change in the pH environment in the early Neogene.
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