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The white sands from the Cretaceous Biyadh Formation, Saudi Arabia, are exploited as a raw material for the glass sand industry and contain approximately 15 wt% kaolinite. SEM reveals that the kaolinite develops as a blocky, pore-filling cement of euhedral, pseudo-hexagonal plates ranging from 5 to 10 µm in width and from 10 to 20 µm in length, suggesting its authigenic origin during the late diagenesis. Anatase occurs as very fine grains interspersed among the kaolinite flakes. The authigenic kaolinite is associated with remarkably high concentrations of rare earth elements (REEs) (average 1,126 ppm), Zr (average 1,133 ppm), and Li (average 187 ppm). REEs occur as the phosphate phase, while Zr is associated with the anatase, and Li is hosted by kaolinite. These high concentrations are probably due to the enrichment of these elements during the diagenesis of the studied kaolinite. Alteration of the source minerals during periods of subaerial exposure and/or at shallow burial depths due to meteoric water influx is deduced as a possible mechanism for the formation of the studied kaolinite. The supergene origin of the kaolinite is confirmed by the relatively high concentrations of Ti and Ce + Y + La. The geochemistry and large crystal size suggest the potential application of the kaolinite in paper coating and as a filler. While the high Al2O3 and low SiO2 contents suggest its potential application in super-standard porcelain and sanitary ware, partial removal of TiO2 will allow its application in the pharmaceutical and cosmetics industries. Additionally, REEs, Zr, and Li can be separated from the white sands as valuable byproducts, along with the kaolinite.
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1 INTRODUCTION
Authigenic minerals (e.g., clay, carbonate, and quartz) are generally formed during progressive diagenesis in siliciclastic rocks (Anjos et al., 2000; Ma et al., 2017; Taylor et al., 2010). Authigenic kaolinite that occurs as grain-rimming and/or pore-filling is pervasively developed in aluminosilicate-rich sandstone (Dill et al., 2022; Dill et al., 2009; Ma et al., 2020; Meng et al., 2020; Waldmann and Gaupp, 2016). The source and formation mechanism of this authigenic kaolinite have been debated for decades (Bjørlykke and Jahren, 2012; Chuhan et al., 2001; Ma et al., 2016; Ma et al., 2021). It has been proposed that authigenic kaolinite precipitated in a geochemically open system due to high invasion of acidic waters flowing extensively into the siliciclastic rocks, with dissolved ions being transported out of the system over long distances (Lanson et al., 2002; Meng et al., 2020; Van Keer et al., 1998). Alternatively, it has been proposed that authigenic kaolinite can form under the very low velocity of pore-fluids in a geochemically closed system, and the dissolved ions precipitate in situ or move for very short distances in the system (Bjørlykke and Jahren, 2012; Chuhan et al., 2001; Ma et al., 2016).
White sands have an economic value as a raw material for several industries such as glass, foundry, ceramics, and water filtration (Platiasa et al., 2014). The physical and chemical properties of these sands are critical in deciding their quality and industrial uses and, therefore, their economic value. Alumina is one of the main impurities in these sands coming from the authigenic kaolinite and reduces their quality. The separation of kaolinite from these sand deposits will improve the physico-chemical characteristics of these sands along with the economic value of the separated kaolinite that can be used as a raw material for several other industries such as ceramic, paper, abrasive, paint, and plastic (Nouri and Masoumi, 2020).
In addition to its common applications (e.g., filler in polymers, rubber, paper, cosmetics, and medicines; Murray, 2006; Murray and Kogel, 2005), kaolinite is used in new technologies such as green nanotechnology to improve human life and solve environmental and economic problems, for storage and production of clean energy via simple and economical methods, and for sustainability. It can be used in composites, nano-hybrids, adsorbents (Dedzo and Detellier, 2014; Matusik and Bajda, 2013; Matusik and Matykowska, 2014), electrode coatings (Tonlé et al., 2011), and catalysts (Araújo et al., 2014; Bizaia et al., 2009; De Faria et al., 2012; Nakagaki et al., 2006).
White sand deposits are extensively distributed in the Middle East and are of different ages such as the Paleozoic and Lower Cretaceous white sands in Egypt (Bandel et al., 1987; Beall and Squyres, 1980; Ibrahim et al., 2018; EL-Wekeil and Gaafar, 2014; Wanas, 2011), Lower Cretaceous glass sands in Jordan (Powell, 1989; Powers et al., 1966), and Lower Cretaceous white sands in Saudi Arabia (Alharbi, 2023; Le Nindre et al., 2023; Boukhamsin et al., 2023; Keller et al., 2019). The characterization of the authigenic kaolinite has been carried out for the Egyptian (Al-Abady, 2022; EL Sayed et al., 2018) and Jordanian (Alali, 2020) white sands. However, the authigenic kaolinite fraction from the Saudi white sand deposits has not been investigated so far, and previous studies have focused on the white sand deposits (Al-Harbi et al., 1995; Howari, 2015; Mahmoud et al., 2022) without addressing the authigenic kaolinite in these sands. Additionally, the previous studies on the authigenic kaolinite have focused on its origin, morphology, and effect on the porosity and permeability of the host sandstone reservoirs (Fan, et al., 2019; Gao et al., 2022; Lanson, et al., 2002). However, the geochemical characteristics of this kaolinite were not investigated. This study aims, therefore, to determine the mineralogical and geochemical characteristics of the authigenic kaolinite separated from the Lower Cretaceous white sand deposits of the Biyadh Formation, Saudi Arabia, and examine its source, origin, and suitability for various industrial applications.
2 GEOLOGICAL SETTING
The Biyadh sandstone was initially specified in the Ar Riyadh quadrangle by Steineke et al. (1958) (Figure 1). In a complete stratigraphic sequence, the Biyadh sandstone is underlain by the Buwaib Formation and overlain by the Sallah Formation (Figure 2A).
[image: Figure 1]FIGURE 1 | Geological map of the Riyadh area shows the distribution of the Biyadh Sandstone Formation and the location of the studied area (from Alharbi, 2023).
[image: Figure 2]FIGURE 2 | (A) Lower Cretaceous stratigraphy of Saudi Arabia shows the stratigraphy of the Biyadh Sandstone Formation (Le Nindre et al., 2008; Powers et al., 1966). (B) Detailed stratigraphy and lithological units of the Biyadh Sandstone Formation (Le Nindre et al., 2008).
According to Le Nindre et al. (2008), the redefined Biyadh sandstone formation exhibits a homogeneous lithology in the Ar Riyadh quadrangle, as indicated in the north, central, and south sections (Figure 2B). In its south section, the Biyadh sandstone formation consists of the following lithostratigraphic units, from base to top: (1) (60 m thick): Light brown to brown, black-weathered, coarse-to-fine-grained, ferruginized, cross-stratified sandstone, with conglomeratic sandstone at the base of troughs (channel lags), including silicified wood and quartz gravel. The assemblage is intercalated with thin beds of white gypsiferous claystone and red to gray siltstone. (2) (110 m thick): Gray, red, or violet siltstone, light brown fine-grained cross-stratified sandstone, and white clayey siltstone, displayed in a meter-scale fining-upward sequences. Coarse-grained sandstone to conglomerate occurs at the base of the succession. (3) (56 m thick): A cross-bedded, fining upward sequence of coarse-grained conglomeratic sandstone, white or brown coarse-to-fine-grained sandstone, white silty claystone, and gray to red siltstone. An intensely reworked gravelly channel lag containing 4-m-long silicified tree trunks is present at the bottom of this unit. (4) (54 m thick): White, gray, or red silty claystone and siltstone with channels filled by coarse-to-fine-grained ferruginized sandstone.
The Biyadh Formation was dated in the subsurface as Barremian, early Aptian, based on the presence of foraminifers Choffatella decipiens, Orbitolina discoidea, and Dictyoconous arabicas (Powers et al., 1966). The depositional environment of the Biyadh Formation is interpreted as the fluvial and lacustrine environment (Moshrif, 1980).
3 MATERIALS AND METHODS
Fifteen samples were collected from several outcrops of the Biyadh sandstone formation (Figures 1, 2). Clay fractions (<2 μm) from the sandstones were separated and prepared following the technique described in Baioumy et al. (2012). A 10-g sample of the bulk clays was soaked in distilled water for ∼ 2 weeks. During this stage, the samples were ultrasonically treated three times (10–15 min each time) using a cleaning ultrasonic tool and then washed many times with distilled water until a complete suspension was achieved, with pH ranging from 7 to 8. To prevent the contamination of clay fractions, no dispersant chemicals were used. The clay fractions (<2 μm) were separated from the aqueous suspensions after ∼ 7 h to ensure their purity and dried at 100°C in a drier. The clay powders were then analyzed for their mineralogy and geochemistry. The mineralogical analysis was conducted using a Cu-Kα Empyrean X-ray Diffractometer operated at 25 mA and 40 kV at the Central Metallurgical R&D Institute (CMRDI), Egypt. The identification of mineral phases was based on Moore and Reynolds (1989). The quantitative mineralogical compositions were determined using the Rietveld program BGMN1 (Kleeberg and Bergmann, 1998). The degree of structural disorder of the kaolinite was assessed using the Hinckley index (HI) (Hinckley, 1963; Galan et al., 1994). The scanning electron microscope observations have been conducted using SEM-EDX Jeol-JSM 5410 at the National Research Center, Egypt.
The geochemical analyses, including major oxides and trace and rare earth elements (REEs), of the separated kaolinite samples were conducted at the ALS Lab, KSA. To analyze the major oxides, fused disks were prepared from the sample powders and then analyzed using a Philips PW 2400 X-ray Fluorescence Spectrometer operated at 40 kV and 60 mA. Loss on ignition was calculated after burning the samples at 1,000°C for 3 h. Concentrations of trace elements and REEs were analyzed via inductively coupled plasma optical mass spectrometry (ICP-MS) after complete acid dissolution of the sample powders. The sample powders were first completely dissolved in 38 wt% HF with 68 wt% HNO3 in capped Teflon vials and heated for 24 h (∼150°C) on a hot plate. The resulting solutions were dried using a hot plate at ∼150°C and subsequently treated again with 2 mL of HNO3 (6 mol/L) at 150°C and evaporated to dryness. The residues were then treated with 1 mL of HNO3, and the solutions were then diluted for analysis (Jenner et al., 1990).
4 RESULTS
4.1 Occurrence and mineralogy of the authigenic kaolinite
The kaolinite-bearing white sandstone of the Biyadh Formation occurs as intercalations between massive and trough cross-bedded sandstone beds (Figures 3A, B). The thicknesses of the sandstone beds vary between 2 and 3.3 m. The sandstones are composed of very fine to fine- and medium-grained, angular, sub-angular to sub-rounded grains; they are friable, soft, and partially reworked massive white sandstones encompassing scattered quartz pebbles and granules. Kaolinite in these sands occurs as disseminated fine-grained, white, and soft material within the coarser sands (Figure 3C). Under SEM, kaolinite occurs as blocky, pore-filling cement composed of euhedral, pseudo-hexagonal plates measuring 5–10 µm in width and 10–20 µm in length (Figure 4A). EDX analysis of this kaolinite shows the characteristic Si, O, and Al peaks (Figure 4B) without any other impurities in the kaolinite itself. Anatase is the main impurity associated with the kaolinite, occurring as very fine grains (micro to nano-sized) scattered between the kaolinite flakes (Figure 4C). EDX analysis confirmed the presence of anatase by its characteristic Ti Kα peak (Figure 4D). The XRD patterns of the unoriented mounts (Figure 5A) display the typical kaolinite reflections at 12.40°, 20.38°, 24.96°, and 35° (Daou et al., 2020), along with traces of anatase. The HI was calculated from the XRD pattern of the separated authigenic kaolinite (Figure 5B), with values ranging from 1.0 to 1.1 and an average of 1.07, indicating the high crystallinity of this kaolinite. This is also confirmed by the morphology of the kaolinite observed via SEM.
[image: Figure 3]FIGURE 3 | (A) Stratigraphic column of one of the Biyadh Formation outcrops. (B) Field photograph of the outcrop shows the intercalations between massive and trough cross-bedded sandstone beds. (B) Close-up of the cross-bedded white sandstone. (C) Close-up of the kaolinite-rich sandstone horizon.
[image: Figure 4]FIGURE 4 | (A) SEM photomicrographs of the authigenic kaolinite as blocky, pore-filling cement comprising euhedral, pseudo-hexagonal plates measuring 5–10 µm in width and 10–20 µm in length. (B) EDX analysis for this kaolinite characterized by Si, O, and Al peaks. (C) Anatase occurs as very fine grains (micro to nano-sized) scattered between the kaolinite flakes (red circles). (D) EDX analysis of anatase by its characteristic Ti-Kα peak.
[image: Figure 5]FIGURE 5 | (A) XRD patterns of the unoriented mounts of the authigenic kaolinite. (B) Calculation of the HI from the XRD pattern of the separated kaolinite.
4.2 Geochemistry of the kaolinite separate
4.2.1 Major oxides
The bulk white sands from the Biyadh Formation are characterized by high SiO2 contents, ranging from 84.3 wt% to 97.5 wt%. The Al2O3 contents that reflect mainly the authigenic kaolinite contents in these sands vary from 1.1 wt% to 6.2 wt% (Al-Harbi et al., 1995). The major oxide contents of the separated authigenic kaolinite from the Biyadh Formation are shown in Table 1. SiO2 and Al2O3 contents represent the major oxide constituents, with SiO2 ranging from 44.73 wt% to 45.61 wt%, and Al2O3 content, which primarily reflects the authigenic kaolinite content in these sands, ranging from 37.97 wt% to 38.70 wt%. The SiO2 and Al2O3 concentrations are typical for pure kaolinite, as shown by the strong positive correlation (Figure 6A) between the two components (r2 = 1), and the SiO2/Al2O3 ratios (1.18). This also confirms that the analyzed samples are close to pure kaolinite, and its separation from the sandstone was carried out precisely without any quartz or any other coarse components from the hot sandstone. TiO2 represents the major impurity in the separated kaolinite and occurs in relatively high contents (average 1.6 wt%). TiO2 occurs as very fine anatase, as indicated by the SEM and EDX analyses. The Fe2O3 contents range between 0.43 wt% and 0.69 wt%, with an average of 0.54 wt%. Other impurities such as K2O, MgO, Na2O, CaO, MnO, and P2O5 occur in very low concentrations, each less than 0.1 wt%. All these impurities, including Fe2O3 and TiO2, show a lack of correlations or negative correlations with Al2O3 (Figures 6B–E), indicating that these elements are not related to the kaolinite and occur in different phases. SEM and EDX analyses confirmed that, where peaks of these elements have been detected in the EDX analysis of the kaolinite crystals (Figure 4A), Fe2O3 correlates positively with TiO2 (Figure 6E), indicating the presence of iron in the anatase structure replacing Ti.
TABLE 1 | Major oxide contents (wt%) of the authigenic kaolinite from the Lower Cretaceous Biyadh Formation in Saudi Arabia.
[image: Table 1][image: Figure 6]FIGURE 6 | (A) Strong positive correlation between SiO2 and Al2O3. (B) Negative correlation between TiO2 and Al2O3. (C) Negative correlation between Fe2O3 and Al2O3. (D) Lack of correlation between P2O5 and Al2O3. (E) Fe2O3 shows a relatively strong positive correlation with TiO2.
4.2.2 Trace elements
Concentrations of trace elements in the authigenic kaolinite separated from the white sands are listed in Table 2. Zr has the highest concentration, ranging from 841 to 1,510 ppm (average of 1,133 ppm), followed by Sr, which varies between 175 and 378 ppm (average 272 ppm). Cr ranges from 148 to 306 ppm (average 280 ppm), Ba ranges from 73 to 159 ppm (average 111 ppm), Li ranges from 130 to 200 ppm (average 187 ppm), and Pb ranges from 61 to 151 ppm (average 108 ppm). Elements such as Ga, Hf, Nb, Th, V, Y, Ni, Sc, and Zn are present in relatively low concentrations, less than 100 ppm (averages 32, 29, 32, 43, 63, 60, 63, 24, and 20 ppm for Ga, Hf, Nb, Th, V, Y, Ni, Sc, and Zn, respectively). Other elements occur in concentrations lower than 10 ppm, including Ge (1.6 ppm), Rb (0.5 ppm), Sn (3 ppm), Ta (2 ppm), U (4 ppm), W (2 ppm), As (0.2 ppm), Co (2.5 ppm), and Cu (6 ppm).
TABLE 2 | Trace elements contents (ppm) of the authigenic kaolinite from the Lower Cretaceous Biyadh Formation in Saudi Arabia.
[image: Table 2]Only Li correlates positively with Al2O3 (Figure 7A), indicating its direct association with the kaolinite. However, many of the trace elements, such as Zr, Nb, V, Y, Ta, and U, exhibit positive correlations with TiO2 (Figures 7B–D). Nb, V, Sn, and Ta exhibit positive correlations with Fe2O3 (Figures 7E, F), while Ba, Sr, Pb, Th, Ni, and Sc exhibit positive correlations with P2O5 (Figures 7G, H).
[image: Figure 7]FIGURE 7 | (A) Li positively correlates with Al2O3. (B) Positive correlation between TiO2 and Zr. (C) Positive correlation between TiO2 and Nb, V, and Y. (D) Positive correlation between TiO2 and Ta and U. (E) Nb and V exhibit positive correlations with Fe2O3. (F) Sn and Ta exhibit positive correlations with Fe2O3. (G) Ba, Sr, and Pb show positive correlations with P2O5. (H) Th, Ni, and Sc show positive correlations with P2O5.
4.2.3 Rare earth elements
Concentrations of REEs in the authigenic kaolinite separated from the white sands are shown in Table 3. The ΣREEs varies between 715 and 1,675 ppm (average 1,126 ppm). ΣREEs do not correlate with Al2O3 (Figure 8A), suggesting that the majority of REEs are not associated with the kaolinite. Meanwhile, REEs correlate positively with P2O5 (Figure 8B), indicating that REEs occur in a minor phosphate phase. The phosphate phase was not observed using XRD (i.e., below detection). Chondrite-normalized REE patterns of the authigenic kaolinite using chondrite values (Boynton, 1984) are shown in Figure 8C. Ce and Eu anomalies were also calculated following the method described by Boynton (1984). REE chondrite-normalized patterns in the authigenic kaolinite samples display similar general patterns with higher light rare earth elements (LREEs) compared to heavy rare earth elements (HREEs), as indicated by (La/Yb)n ratios that vary between 19 and 31. The kaolinite samples show that negative Eu anomalies (Eu/Eu*) vary from 0.74 to 0.79 and slight negative Ce anomalies (Ce/Ce*) range between 0.95 and 0.97.
TABLE 3 | Rare earth element contents (ppm) of the authigenic kaolinite from the Lower Cretaceous Biyadh Formation in Saudi Arabia.
[image: Table 3][image: Figure 8]FIGURE 8 | (A) ΣREEs did not correlate with Al2O3. (B) REEs correlate positively with P2O5. (C) Chondrite-normalized REE patterns of the authigenic kaolinite.
5 DISCUSSION
5.1 Source and formation mechanism of the kaolinite
As suggested by the previous studies (Arditto, 1983; Berger et al., 1997; Chen et al., 2019; Gao et al., 2022; Ma et al., 2017; Mansurbeg et al., 2008; Meng et al., 2020; Morad et al., 2010), the dissolution of feldspars is the main source of authigenic kaolinite cementation in the Biyadh sandstones.
Kaolinite in the Biyadh Formation occurs mainly as pore-filling cement located between the quartz grains (Figure 4), suggesting the authigenic origin of this kaolinite formed during later stages of diagenesis (Marfil et al., 2003). The alteration of aluminosilicates to kaolinite in the sandstones occurs under a wide range of conditions: (i) during the subaerial exposure of the sandstones; (ii) at shallow burial depth (generally < 1 km) due to the influx of meteoric water; and (iii) deeper (2–4 km) through the interaction with acidic water from the thermal maturation of organic matter (Curtis, 1983; Surdam et al., 1984). The Biyadh Formation is bounded by limestone and intercalated with shales, and no organic-rich sediments are associated with this formation. Hence, the formation of kaolinite in the Biyadh sandstones through the interaction of source minerals with acidic water from the thermal maturation of organic matter is not applicable. Hence, alteration of the source minerals during the subaerial exposure of the Biyadh sandstones and/or at shallow burial depth due to the influx of meteoric water is the possible formation mechanism of the authigenic kaolinite in the Biyadh Formation.
Binary plots of Ba + Sr vs. La + Ce + Y and Cr + Nb vs. TiO2 + Fe2O3 are utilized to distinguish between the supergene and hypogene origin of kaolinization (Dill et al., 1997). These plots show that the studied kaolinite has a supergene origin (Figures 9A, B, respectively), confirming the low-temperature formation conditions of the kaolinite either during subaerial exposure or at shallow burial depths of the sandstones. TiO2 values are also used to determine the origin of the alteration fluid responsible for the formation of kaolinite. When these values are lower than 1, it implies that the nature of the fluids is hypogenic, and when the values are higher than 1, the nature of the fluids is supergenic (Maiza et al., 2003). The results of geochemical analyses pointed out that all the samples have TiO2 values greater than 1, which implies that this kaolinite is a supergene solution product. TiO2 + Fe2O3 values in the kaolinite are utilized to interpret the fluid source. When these values are less than 1 and more than 1, they correspond to a kaolinite deposit of hypogene and supergene origin, respectively (Dill et al., 1997; Dill et al., 2000; Stoffregen and Alpers, 1987). Kaolinite samples from the Biyadh Formation have TiO2 + Fe2O3 values greater than 1, which clearly implies a supergene process. The total concentration of Ce, Y, and La is used to differentiate between supergene and hypogene origins of kaolinite, and more than 100 ppm of Ce + Y + La implies a supergene process (Dill et al., 1997; Dill et al., 2000). For the authigenic kaolinite from the Biyadh Formation, all samples represent Ce + Y + La values > 100 ppm, which also implies a supergene process for the kaolinite from the Biyadh Formation.
[image: Figure 9]FIGURE 9 | (A) Binary plots of Ba+Sr versus La + Ce + Y. (B) Binary plots of Cr + Nb versus TiO2 + Fe2O3.
5.2 High Ti, Zr, ∑REEs, and Li
∑REEs contents in the authigenic kaolinite separated from the Biyadh Formation range from 715 ppm to 1,675 ppm, with an average of 1,126 ppm. These values are exceptionally high compared to other primary kaolinites, such as the primary kaolinite from Malaysia (derived from granites) with an average ∑REEs of 107 ppm (Baioumy et al., 2021) or the primary kaolinite from the Bohemian Massifs with an average ∑REEs of 285 ppm (Höhn et al., 2014). These values are also higher than those in the secondary kaolinite, such as the Cretaceous kaolinite deposits in Egypt, with an average ∑REEs of 275 ppm (Baioumy et al., 2012; Baioumy, 2014).
The authigenic kaolinite separated from the Biyadh Formation also exhibits high Zr contents, varying from 841 ppm to 1,510 ppm, with an average of 1,133 ppm, and it exhibits a positive correlation with TiO2, indicating its association with anatase or incorporation within the anatase structure. These Zr contents are extremely higher than those in the plagioclase (average 0.03 ppm), biotite (average 3 ppm), K-feldspars (average 0.2 ppm), and muscovite (average 1.7 ppm) (Fan et al., 2023). These values are also higher than those in other authigenic kaolinites, such as the primary kaolinite from Malaysia (derived from granites), with an average of 5 ppm (Baioumy et al., 2021), or the primary kaolinite from the Bohemian Massifs, with an average of 254 ppm (Höhn et al., 2014).
Primary kaolinite from Malaysia (Baioumy et al., 2021) and Bohemian Massifs (Höhn et al., 2014) contains very low Ti contents, with averages of 0.04 and 0.5 wt%, respectively. Additionally, according to Fan et al. (2023), the Ti concentrations in the plagioclase and K-feldspars are also low (averages 40 ppm and 32 ppm, respectively). However, TiO2 contents in the authigenic kaolinite separated from the Biyadh Formation are high (average 1.6 wt%). SEM and EDX analyses pointed out that Ti in the authigenic kaolinite separated from the Biyadh Formation occurs as anatase. Geochemical correlations implied that several trace elements (e.g., Zr, Nb, V, Y, Ta, and Y) occur in the anatase structure, replacing Ti, as indicated by the positive correlations between these elements and Ti.
The lowest industrial level for sedimentary lithium resources is 260 ppm (Li et al., 2023; Tabelin et al., 2021). The Li content in authigenic kaolinite from the Biyadh Formation is relatively high, with an average of 187 ppm, which is close to this value. Li is the only trace element that exhibits a positive correlation with Al2O3 contents, indicating its association with kaolinite. Nikdel et al. (2024) reported the same trend in the bauxitic kaolin deposits in Iran.
The remarkably high contents of Ti, Zr, REEs, and Li in the authigenic kaolinite separated from the Biyadh Formation are most probably due to their enrichments during the diagenesis of the study kaolinite.
5.3 Possible industrial applications of the kaolinite
5.3.1 Direct applications of the kaolinite
The geochemical and mineralogical characteristics of kaolinite are substantial factors in determining its quality and industrial applications and can help assess the economic value of kaolin. Kaolinite is used in different industrial applications, such as the ceramic, paper, abrasive, paint, and plastic industries (Nouri and Masoumi, 2020). The major oxide content of the authigenic kaolinite from the Biyadh Formation was compared to that of Georgia kaolin in the United States (Murray and Keller, 1993), Cornwall kaolin (SKD) (Harben, 1999), Cornwall kaolin (ECC) (Bloodworth et al., 1993), as well as its application in paper filling, paper coating, ceramics (Siddiqui et al., 2005), and cosmetics and pharmaceuticals (Lopez-Galindo et al., 2007) (Figures 10A, B). The geochemical properties of the studied kaolinite show that the authigenic kaolinite from the Biyadh Formation is suitable for use in the paper coating and filler industries. As a filler, its function is related to the internal network of the paper, while as a coating, it improves the surficial characteristics of paper, including brightness, glossiness, smoothness, and ink (Bundy, and Ishley, 1991; Murray, 2006; Murray and Kogel, 2005). However, the use of kaolin in the paper industry is dependent on the particle size. SEM of the studied kaolinite indicated that the kaolinite occurs in a homogeneous size and that particles greater than 10 μm are dominant (Figure 4C). Therefore, the studied kaolinite is recommended for use in coating and filler applications. Kaolinite constitutes an average of 25 wt% in earthenware, 60 wt% in porcelain, 20 wt%–30 wt% in vitreous-China sanitary ware, and 20 wt% in electrical porcelain and wall tiles (Jepson, 1984). In general, the kaolin used in ceramic industries needs high Al2O3 content. Products such as super-standard porcelain and sanitary ware should have high alumina contents, and therefore, only kaolinite with high Al2O3 is used as a raw material for these industries. On the other hand, the silica content of this raw material should be less than 50 wt% in super-standard porcelain and sanitary ware products (Nouri and Masoumi, 2020). The authigenic kaolinite from the Biyadh Formation is characterized by high Al2O3 (>38wt%) and less than 50wt% SiO2, which indicates that this kaolinite can be exploited for super-standard porcelain and sanitary ware. Ti and Fe are the main impurities in kaolin deposits and play an important role in determining the quality of kaolin and industrial utilization. These two elements affect the whiteness of kaolin and negatively influence the transparency of the products, reducing the use of kaolin and limiting its application in certain industries (Calderon et al., 2005). The Fe and Ti concentrations in the studied kaolinite are low compared to those in the standard references; therefore, neither Fe nor Ti will affect the transparency of the products from this kaolinite. Regarding pharmaceutics and cosmetics, the studied kaolinite has slightly higher Ti contents (1.6 wt%) than the TiO2 range in the kaolinite for the pharmaceutical and cosmetics industries (0.0–1.4 wt%) (Lopez-Galindo et al., 2007). Partial removal of TiO2 from this kaolinite during its processing and separation will allow its application in the pharmaceutical and cosmetics industries.
[image: Figure 10]FIGURE 10 | Comparison between the geochemical parameters of the authigenic kaolinite from the Biyadh Formation and the standard parameters of various industrial applications of kaolinite. (A) Major components. (B) Minor oxides.
White sands of the Biyadh Formation are exploited as a raw material for glass industries. The Al2O3 contents in some of these sands range from 1.1 wt% to 6.2 wt% (Al-Harbi et al., 1995), sourced mainly from the authigenic kaolinite in these sands. Alumina impurities may alter the clarity and color of glass. For glass manufacturing, the Al2O3 content in the raw silica sand should be kept low, typically less than 0.5 wt% Al2O3 (Edem et al., 2014; Ushie et al., 2005). Therefore, the separation of kaolinite from these deposits will enhance the physico-chemical characteristics of these sands in addition to the economic value of the separated kaolinite itself.
5.3.2 Possible source of REEs as by-product
The demand for REEs has significantly increased, and less conventional resources of REEs are being explored for economic feasibility. Over the past years, four primary types of deposits have been identified as significant sources of REEs (Van Gosen et al., 2014). These deposits include carbonatites, alkaline igneous rocks, ion-adsorption clays, and monazite–xenotime-bearing placer deposits (Van Gosen et al., 2014). Recent studies, however, suggest the potential of REE extraction from alternative sources such as coal, ocean water, and regoliths linked with coastal plain clays (Drost and Wang, 2016; Foley and Ayuso, 2015; Rozelle et al., 2016). Gardner (2016) studied the REE content of Georgian kaolins and evaluated the exploration potentials of this deposit. He found some REE-bearing minerals, such as monazite and zircon, which contain a considerable amount of REEs.
The authigenic kaolinite separated from the Biyadh Formation shows exceptionally high REE contents, indicating its potential as a secondary source of REEs during kaolinite separation and processing. This study also shows that these REEs are associated with a phosphate phase. The occurrence of REEs as phosphate phases is widely demonstrated in the literature on kaolinization processes (Baioumy, 2014; Dill et al., 1995a; Dill et al., 1995b). This phase is soluble in hydrochloric acid, nitric acid, and alcohol (Tanaka et al., 2010), which makes the extraction of these elements an easy and cheap process. Additionally, other trace elements of economic importance that occur in relatively high concentrations, such as Zr, can be separated from the studied kaolinite. Although Li occurs in concentrations lower than the lowest industrial limit of Li in ores, it still has considerably high contents in the studied kaolinite, which can be considered a possible source of Li in the future.
6 CONCLUSION
Globally, the formation of authigenic kaolinite interested researchers due to its effect on the sandstone reservoir properties regardless of its potential industrial applications. It is also assumed that this kaolinite was sourced from feldspars without evidence. The first detailed geochemical and mineralogical investigations on the authigenic kaolinite from the Lower Cretaceous white sandstones from the Biyadh Formation, Saudi Arabia, revealed the following findings:
• Kaolinite occurs as blocky, pore-filling cement formed of euhedral, pseudo-hexagonal plates, which, along with its HI, indicates its authigenic origin during the late stages of diagenesis during subaerial exposure and/or at shallow burial depths of the host sandstones due to the influx of meteoric water.
• Anatase, the main impurity in the separated kaolinite, exists as very fine grains (micro to nano-sized) between the kaolinite flakes.
• The elevated concentrations of REEs, Zr, Ti, and Li suggest a possible enrichment of these elements during the diagenesis of the studied kaolinite.
• Geochemical and mineralogical properties suggest the potential application of the studied kaolinite in paper coating and filler as well as in super-standard porcelain and sanitary ware.
• Removal of TiO2 from this kaolinite will allow its application in the pharmaceutical and cosmetics industries.
• The results of this study added a new resource of the strategic REEs, which have many industrial applications.
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