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Abstract

:

The aim of the present study was the paleoenvironmental reconstruction of the prevailing environment under which the Lwamondo and Zebediela kaolin deposits were formed. Hence, this study reports deuterium and oxygen stable isotope values and trace and rare earth element concentrations for two samples of kaolin. Upper continental crust-normalised trace-element patterns reveal that large ion lithophile elements and high-field-strength elements are generally depleted in Lwamondo and Zebediela kaolins, whereas transition trace elements are generally enriched in these kaolins. Upper continental crust-normalised rare earth element (REE) patterns show that there is a slight enrichment of heavy REEs (HREEs) compared to light REEs (LREEs) in these kaolins. The δ18O and δD stable isotope values for kaolinite from Lwamondo ranged from 17.4‰ to 19.1‰ and from −54‰ to 84‰, respectively, whereas those values for kaolinite from Zebediela varied from 15.6‰ to 17.7‰ and from −61‰ to −68‰ for δ18O and δD, respectively. The REE patterns and the content of other trace elements indicate ongoing kaolinitisation in the Lwamondo and Zebediela kaolins with minimum mineral sorting. The sources of the kaolins varied from basic to acidic and these were derived from an active margin tectonic setting. Lwamondo kaolin was deposited in an oxic environment whereas Zebediela kaolin was deposited under suboxic/anoxic conditions. Based on the δ18O and δD values of the kaolinite, they formed in a supergene environment at temperatures generally below 40 °C.
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1. Introduction


Kaolin refers to a clayey rock and also to a group of clay minerals consisting of kaolinite, dickite, nacrite and halloysite. Kaolinite is the most abundant kaolin mineral, whereas dickite, nacrite and halloysite are relatively rare, being commonly formed by hydrothermal alteration and occurring in sedimentary and residual deposits in association with kaolinite [1]. Kaolin is used in many industrial applications, including paper filling and coating, refractory, ceramics, fibreglass, cement, rubber, plastics, paint, catalyst and many other uses [2]. Considering its wide usage, any occurrence of kaolin is worth proper chemical, mineralogical and technological investigations [3]. A better understanding of kaolins hinge on their environments of formation. Only a few studies have been carried out on the utilisation of kaolin in paleoenvironmental reconstruction.



Trace element and stable isotope compositions of kaolins are powerful geochemical proxies in reconstructing paleoenvironments. Trace elements (rare earth elements (REEs), large ion lithophile elements, high-field-strength elements and transition trace elements) are less mobile during sedimentary processes. This low mobility enables them to stay in the solid phase during erosion and sedimentation, thereby preserving the chemical signatures of their source rocks [4]. The concentrations of trace elements and specific ratios provide information on paleoweathering, sedimentary provenance, paleotectonics, hydraulic sorting, sediment recycling and paleo-redox conditions prevailing during the formation of kaolins [4,5,6,7,8,9,10].



The stable isotopic composition of kaolins can provide paleoenvironmental information on the isotopic composition of soil and meteoric waters, as well as paleotemperatures during the formation of the kaolins [11]. The stable isotope geochemistry of clay minerals has been applied in geothermometry, clay mineral genesis and diagenesis and paleoenvironments, amongst other disciplines [12,13,14,15,16,17].



In South Africa, there are a number of kaolin deposits distributed throughout the country. Most of the deposits have been studied for their geological, mineralogical and petrological properties. In Limpopo Province, the deposits have not been fully characterised, though some are being exploited for the making of bricks. This study, which is part of a mega-research on clays and clay minerals in Africa, focused on utilising trace elements and stable isotopes in two kaolins from the Lwamondo and Zebediela deposits in Limpopo Province, South Africa, to reconstruct the paleoenvironments in which they were formed.




2. Materials and Methods


2.1. Geologic Setting


The Lwamondo kaolin covers an area of about 2700 m2 with an average thickness of 28 m. Half of the deposit has already been mined [18]. The Zebediela kaolin outcrop covers an area of about 3 km2, having an average thickness of 130 m and an estimated volume of 390,000,000 m3. Open pit mining is on-going, with only 40% of the deposit having been mined [18]. The Lwamondo and Zebediela kaolins are classified as secondary kaolins.



The geology of the Lwamondo area is dominated by the Soutpansberg Group which is Proterozoic in age (Figure 1). The rocks of the Soutpansberg Group overlie the eastern part of the Palala shear zone and part of the Kaapvaal Craton [19]. The Soutpansberg Group represents a volcano-sedimentary succession and is subdivided into seven formations: the Tshifhefhe, Sibasa, Funduzi, Willie’s Poort, Nzhelele, Stayt and Mabiligwe formations. Only four of the seven formations occur within the vicinity of the Lwamondo kaolin, namely the Tshifhefhe, Sibasa, Fundudzi and Willie’s Poort formations [18]. The basal discontinuous Tshifhefhe formation is a few meters thick and made up mainly of strongly epidotised clastic sediments which include shale, greywacke and conglomerate. The Sibasa formation is mainly a volcanic succession with rare discontinuous intercalations of clastic sediments, having a maximum thickness of about 3000 m [19]. The volcanics of the Sibasa formation comprise basalts, which were subaerially extruded and minor pyroclastic rocks [20]. The basalts are amygdaloidal, massive and generally epidotised. The clastic sediments, which include quartzite, shale and minor conglomerate, can locally have a maximum thickness of 400 m [19]. The overlying Fundudzi formation is only developed in the eastern part of the Soutpansberg Group and wedges out towards the west.



The Lwamondo kaolin was deposited within the Sibasa formation volcanic succession. The lithology of the country rocks were basalt, clastic sediments which include shale and minor conglomerates and minor pyroclastic rocks with a varicoloured kaolin (white, brownish, red, pink and yellow). The exposed outcrop at Lwamondo had an overburden with an average thickness of 2–3 m and consists of reddish brown soil. Kaolin was exposed in the lower portion of the outcrop.



The geology of Zebediela is regionally made up of rocks that belong to the Transvaal Supergroup (Figure 2). The Transvaal Supergroup is preserved in three separate basins—the Transvaal, Kanye (Botswana) and Griqualand West basins [21]—and is subdivided into four main lithostratigraphic units, namely the Protobasinal rocks, Black Reef formation, Chuniespoort Group and Pretoria Group [22]. The area is covered by surficial sediments of the Karoo Supergroup and in the northern part of the Transvaal Supergroup is controlled by ENE- and NNW-trending faults, which are common throughout the Kaapvaal Craton [18]. In the Zebediela area, the rocks belong to the Wolkberg Group followed by an unconformity-bound Black Reef formation (BRF), which in turn was overlain by the Chuniespoort Group. The Chuniesport Group is of Proterozoic age.



Three exposed outcrops were studied and these were named as Quarry One, Quarry Three and Quarry Four. An iron-rich vein, probably an extension of the Penge banded iron formation (BIF), cut across Quarry Four. Above the iron-rich vein was a brownish to reddish kaolin layer. Kaolin of quarry one was greyish and reddish in colour. Kaolin in Quarry three was whitish with no sedimentary structure identified and within the quarry, the Zebediela kaolin was characterised by a major NNW-SE-trending fault truncated by numerous smaller veins. At Quarry Four, yellowish kaolin at the base was overlain by reddish brown, pale brown and light brown kaolin layers. These colours suggested a high iron content in the deposit.




2.2. Sampling and Samples


Nine samples were collected from each of the two study sites. The samples were coded as LWA1–LWA9 for the Lwamondo Kaolin and ZEB1–ZEB9 for the Zebediela Kaolin. The sampling method was judgemental [3], that is, the number of samples and the sampling distance depended on the availability of exposed outcrops [23,24]. Prior to analyses, the samples were pre-treated by sieving in a 63 µm sieve, removal of organic matter, dispersion and particle size separation, based on the methods described by [25,26]. Details of particle size distribution in the studied kaolins are reported in Table 1 [27]. The analyses were performed on the <2 µm fraction of the kaolin samples, which contain more information on their environment of formation.




2.3. Laboratory Analyses


Kaolin samples were collected from various sites within the Lwamondo and Zebediela study areas for trace element and stable isotope analyses. Trace element analyses were carried out at the Central Analytical Facility at Stellenbosch University, South Africa, while stable isotope analyses were done at the University of Cape Town. Laser Ablation Inductively Coupled Plasma Spectrometry (LA-ICP-MS) analysis was used to determine trace element concentrations in the samples using an Agilent 7700 instrument (Agilent Technologies, Santa Clara, CA, USA). A laser was used to vaporise the surface of the solid sample, whereas the vapour and any particles were transported by the carrier gas flow to the ICP-MS. The pressed pellet method for trace element analysis (8 ± 0.05 g) of milled powder was weighed and mixed thoroughly with three drops of Mowiol wax binder. The pellet was pressed with a pill press to 15 ton pressure and was dried in an oven at 100 °C for half an hour before being analysed. Ablation was performed in He at a flow rate of 0.35 L/min and then mixed with Ar (0.9 L/min) and N (0.004 L/min) just before introduction into the IC plasma. For traces in fusions, two spots of 100 µm were ablated on each sample using a frequency of 10 Hz and energy of 3.6 mJ/cm2. Trace elements were quantified using Basalt, Hawaiian Volcanic Observatory (BHVO) glass [28] and BHVO powder [29] as standards, employing standard–sample bracketing. Two replicate measurements were made on each sample. The calibration standard was run after every 12 samples. The instrument’s detection limits for the analysed trace elements are shown in Table 2.



Oxygen isotope ratios of the <2 µm fraction of the kaolin samples were determined after being degassed under vacuum on the silicate line at 200 °C for two hours. The samples were reacted with ClF3 [30] in a conventional silicate line and the O2 was converted to CO2 using a hot platinised carbon rod. Hydrogen isotope analyses of absorbed water extracted in the manner described above were made using a variation of the closed tube Zn reduction method described by [31]. Hydrogen extraction for isotopic analysis followed the principle of [32]. After degassing at 180 °C in a vacuum to remove absorbed moisture, water was extracted from kaolin by heating in a Mo crucible with an induction furnace to ˃1500 °C.





3. Results


The mineral phases and major oxides of the Lwamondo and Zebediela kaolins are reported in Reference [27]. Kaolinite was the most abundant mineral phase in both kaolin deposits, with means of 68.39 wt % and 77.73 wt % in the Lwamondo and Zebediela kaolins, respectively. Other mineral phases that were determined include quartz and smectite in major to minor quantities, clinochlore, goethite and talc in minor to trace quantities and muscovite, microcline and plagioclase in trace quantities. The most abundant oxides were SiO2 and Al2O3, with respective means of 44.99 wt % and 29.82 wt % in the Lwamondo kaolin and 42.93 wt % and 31.76 wt % in the Zebediela kaolin.



3.1. Trace Elements


Trace element distribution in the clay fraction samples of the Lwamondo and Zebediela kaolins normalised to upper continental crust (UCC) values are shown in Figure 3 and Figure 4, respectively and the results are reported in Table 3 and Table 4, respectively.



Large ion lithophile elements (Rb, Ba, Sr, Th, U): Compared to the UCC, large ion lithophile elements are generally depleted in the Lwamondo kaolins (Figure 3). Rubidium is most depleted in LWA6, whereas Th is more depleted in LWA5. Sample LWA4 has almost the same concentration of Ba as the UCC and this sample is also the least depleted in Sr. The UCC normalised concentrations of large ion lithophile elements in the Zebediela kaolins show that Sr is the most depleted trace element and is depleted in all the samples (Figure 4). Barium is slightly depleted in all Zebediela samples. Rubidium is only enriched in ZEB2 and ZEB3, Th is only enriched in ZEB4 and U is depleted in samples ZEB2, ZEB1, ZEB5 and ZEB9.



High field strength elements (Zr, Hf, Y, Nb): Compared to the UCC, sample LWA8 is the only sample enriched in all high-field-strength elements (Figure 3). Nobium is depleted in samples LWA5, LWA6, LWA7 and LWA9, whereas it is slightly enriched in samples LWA1, LWA2, LWA3, LWA4 and LWA8 compared to the UCC. Zirconium is most depleted in LWA5, while Hf is more depleted in LWA3. In the Zebediela kaolins, UCC normalised high-field-strength elements are generally slightly depleted, except in ZEB2 and ZEB4, which are similar to the UCC (Figure 4).



Transition trace elements (V, Co, Cu, Ni and Sc): Nickel is enriched in the Lwamondo kaolins compared to the UCC (Figure 3). Sc is enriched in samples LWA1, LWA6 and LWA8 and depleted in samples LWA2, LWA3, LWA4, LWA5, LWA7 and LWA9. Vanadium is only enriched in LWA1 and LWA8, Co is enriched in LWA1 and LWA6 and Cu is enriched in samples LWA1, LWA3, LWA6 and LWA8 (Figure 3). The UCC normalised transition trace elements are generally enriched in the Zebediela kaolins (Figure 4). Scandium is enriched in all Zebediela samples; so is V, except in ZEB1. Co and Cu are slightly depleted in ZEB3 and ZEB4. Ni is only depleted in ZEB2.




3.2. Rare Earth Elements (REEs)


Results of UCC normalised REEs of the Lwamondo and Zebediela kaolins are plotted in Figure 5 and Figure 6 and shown in Table 5 and Table 6. There is a slight enrichment of heavy rare earth elements (HREEs) compared to light rare earth elements (LREEs) in these kaolins (Figure 5 and Figure 6).




3.3. Hydrogen and Oxygen Isotopes


The stable isotope values of kaolinite from Lwamondo vary from 17.4‰ to 19.2‰ δ18O, with a mean of 18.6‰ and from −54‰ to 84‰ δD, with a mean of −65.3‰ (Table 7). The mean water content is 10.63%. The Zebediela kaolinite has the following stable isotope values: δ18O values range from 16.7‰ to 17.7‰, with a mean value of 16. 7‰ and the δD values range between −68‰ and −61‰, with a mean value of −65.3‰ (Table 7). The mean water content in the Zebediela kaolins is 10.86%. The binary plot of δ18O and δD values shows that most samples fall in the supergene field (Figure 7).





4. Discussion


The distribution of trace elements in clays is influenced by sedimentary processes (such as weathering, sorting and sedimentary recycling) and sedimentary provenance, such as the nature of parent rocks [34,35]. The stable isotopic composition of kaolins contains information about temperatures.



4.1. Paleoweathering


The higher concentration of Cr and V in the studied kaolin may be related to their low mobility during the kaolinitisation process [36]. The Lwamondo and Zebediela kaolins were also enriched in Ni, except sample ZEB2 which is related to it being easily mobilized during weathering. Barium and Sr were depleted in all samples, indicating that they were easily mobilized during weathering and removed from the environment [37,38]. During kaolinitisation, Sc was slightly concentrated in the kaolin deposit and was enriched in all samples except in samples LWA1, LWA6 and LWA8.



The HREEs are more enriched than LREEs in the weathered and sub-weathered zones [39]. The REE patterns show more enrichment in HREEs than LREEs in all samples, with slight positive Eu anomaly due to the presence of plagioclase in the kaolin samples. The REE pattern and the content of other trace elements show evidence of weathering related to kaolinitisation in the Lwamondo and Zebediela kaolins.




4.2. Sedimentary Provenance and Tectonic Setting


The concentrations of some trace elements, such as Th, Sc, Cr, La, Ni and Co and their ratios varied in different source rock composition (silicic and basic). Therefore, they are widely used for provenance studies, as they are transported almost exclusively in the terrigenous component of sediment, thereby reflecting the chemistry of their source rocks [4]. Felsic rocks are richer in Th and La, whereas mafic rocks are richer in Co, Sc, Ni and Cr [9]. Hence, these elements and their ratios (La/Sc, Th/Sc, Th/Co and Cr/Th) could be used to infer the sedimentary provenance or source rock composition [7,8]. Figure 8 shows a basic source of the Zebediela kaolins and an intermediate-to-silicic source of the Lwamondo kaolins, whereas Figure 9 shows a felsic source of these kaolins.



High concentrations of Cr (>150 ppm) and Ni (>100 ppm), low Cr/Ni ratios (<1.5) and a high correlation coefficient between Cr and Ni (>0.90) are indicative of an ultramafic rock source, whereas a Cr/Ni ratio >2.0 indicates mafic-volcanic detritus [40]. Concentrations of Cr and Ni in the Lwamondo and Zebediela kaolins were very varied, even among samples in the same location. In general, Ni concentrations were greater than 100 ppm and Cr concentrations were greater than 150 ppm. The correlation coefficient between Cr and Ni was 0.98 and 0.33 in the Lwamondo and Zebediela kaolins, respectively. This shows that although an ultramafic or mafic source could be inferred for the Lwamondo kaolin, such sources cannot be inferred for the Zebediela kaolin.



The Lwamondo kaolin deposit is located in the Sibasa formation and there are basalts which rest on the basements of the Hoot Plaats gneiss and granite. The observed kaolin deposit was ferruginous and whitish. The geology of the area suggests that kaolin may have been formed from basalt and clastic sediments. The surrounding country rocks are believed to have provided the primary minerals for kaolinitisation.



The field observation from the Zebediela kaolin is similar to the one reported by [13,41] of the Kgwakgwe kaolins in Botswana. The thickness of the beds in the Zebediela kaolin deposit showed different colours (pinkish, yellowing and reddish) and layerings, which depict beds of a sedimentary nature. The kaolin deposit is penetrated by reddish veins which probably mark groundwater passages. Surrounding country rocks are arkose mudstone and shale which are considered to have provided primary minerals for kaolinitisation.



The Th/U ratio can also give an indication of the source of kaolins [5]. Low Th/U ratios (<3.5) are usually found in mantle-derived rocks, though sediments from active margin tectonic settings with major components of young undifferentiated crust could also have Th/U ratios <3.5 [5]. Due to the low concentrations of U and Th in the Lwamondo and Zebediela kaolins (Figure 10), it is suggested that these kaolins are derived from an active margin tectonic setting.




4.3. Hydraulic Sorting and Sediment Recycling


The Th/Sc versus Zr/Sc bivariate plot can be used to illustrate hydraulic sorting and sedimentary recycling [5]. Whereas Th is incompatible in igneous systems, Sc is compatible in igneous systems [14]. Therefore, the Th/Sc ratio is a good proxy for igneous chemical differentiation processes. Unlike Zr, which is strongly enriched in zircon, Sc is not enriched but generally preserves a signature of the provenance. The Zr/Sc ratio is a useful index for zircon enrichment [5]. Trend 1 on this plot (Figure 11) shows the normal igneous differentiation trend, which does not involve zircon enrichment. An enrichment of zircon occurs during sedimentary sorting or recycling (Trend 2) [10]. Figure 11 shows that the Lwamondo and Zebediela kaolins are generally around Trend 1, suggesting minimum mineral sorting [9].




4.4. Paleo-Redox Conditions


U/Th ratios <1.25 suggest an oxic condition of deposition, whereas values >1.25 indicate suboxic and anoxic conditions [6]. Most of the Lwamondo kaolin showed low U/Th (0.15–3.45, average of 1.09), which indicates that the kaolin was deposited in an oxic environment; by contrast, the Zebediela kaolin displays high U/Th ratios (0.18–11.5, average of 2.95), which indicates that the kaolin was deposited under suboxic/anoxic conditions. A V/Cr ratio <2 indicates oxic, 2.0–4.25 indicates dysoxic and >4.25 indicates suboxic to anoxic conditions [6]. The V/Cr ratios of the Lwamondo kaolin samples varied from 0.02–9.27, with an average of 1.40, indicating an oxic condition (Figure 12), whereas the V/Cr ratios of the Zebediela kaolin varied from 0.24–10.28, with an average of 2.48, indicating an oxic condition (Figure 12).




4.5. Paleotemperatures


Kaolin can be formed through interactions with modern local meteoric water. The isotopic composition of kaolinite was determined using the mean isotopic composition of modern meteoric water and equilibrium fractionation factors between kaolinite and water (Equations (1) and (2)) by [42]:


αK−WO=δ18OK+1000δ18OW+1000



(1)






αK−WD=δDK+1000δDW+1000



(2)




where αK−WO and αK−WD are equilibrium fraction factors between kaolinite and water (meteoric water) with respect to oxygen and hydrogen [43].



The isotopic composition of kaolinite was determined using the modern mean annual temperature based on Equations (3) and (4):


Hydrogen: 1000 lnαkaolinite−water=−2.2x106x T−2−7.7 



(3)






Oxygen: 1000 lnαkaolinite−water=2.76x106x T−2−6.75



(4)




where T is the temperature (°K) and αkaolinite−water is equilibrium isotopic fractionation factors between kaolinite and water.



The stable isotope composition of kaolins, as well as other clay minerals, is a function of the isotopic composition of the water from which they were formed. The equilibrium isotopic fractionation factors between kaolinite and water were developed by [44] and [12]. These fractionation factors are a function of the temperature of kaolinitisation; therefore, the isotopic composition of kaolinite can provide information about its genesis [15].



The temperature of kaolinitisation (T) of the studied kaolins were calculated using Equation (5) [16] and is presented in Table 8. The Lwamondo kaolin deposit had a mean temperature of 26.9 ± 3.6 °C whereas the Zebediela kaolin had a mean temperature of 36.6 ± 4.2 °C. Kaolinite in equilibrium with the global meteoric water line, kaolinitisation temperatures in the Lwamondo kaolins (26.9 °C), whereas the Zebediela kaolins kaolinitisation temperature was 36.6 °C. The Makoro and Kgwakgwe kaolins formed at around 40 °C [39]. Therefore, based on their stable isotopic compositions, the Lwamondo and Zebediela kaolins were formed at low temperatures (<40 °C), thus ruling out any possible hydrothermal process. The position of sample ZEB8 in the hypogene field could be interpreted as reflecting formation in isotopic equilibrium with its parental fluid without subsequent isotopic exchange with meteoric water [44].


3.04x106T−2=δOK−0.125δDK+7.04



(5)







The mean temperature of kaolinitisation was determined using the global meteoric water line (GMWL). This was used to determine the mean stable isotopic composition of the meteoric water in equilibrium with the Lwamondo and Zebediela kaolins during their formation using Equations (3) and (4). The calculated mean isotopic composition of meteoric water is shown in Table 9. Using the GMWL equation, the mean calculated isotopic composition of the meteoric water in equilibrium with the Lwamondo kaolins is −5.3‰ and −33.2‰ for δ18OW and δDW, respectively, whereas the mean calculated isotopic composition of meteoric water in equilibrium with the Zebediela kaolin is −5.4‰ and −33.4‰ for δ18OW and δDW, respectively (Table 9 and Figure 13). The equilibrium fractionation factor of deuterium (D) between kaolinite and water (αK-W D) of the Lwamondo and Zebediela kaolins calculated using the GMWL was 0.97 and 0.97, whereas the equilibrium fractionation factor of 18O between kaolinite and water of the Lwamondo and Zebediela kaolins was 1.024 and 1.022 (Table 9).



The isotopic compositions of the Lwamondo and Zebediela kaolins indicate that they are of weathering origin and formed in a supergene environment. Kaolins of weathering origin generally have higher δ18O (from 17‰ to 23‰) and δD (from −80‰ to 40‰) values. This is supported by data of the following kaolins of weathering origin: Nuevo Montecastelo kaolins in Spain [43], Variscan kaolins in Spain [16], Burela kaolin in Spain [45], Lastarria kaolin in Chile [17] and La Espingarda kaolin in Patagonia [46].



The major controlling factor in the clay mineral assemblages is the water composition in the environment of deposition [47]. The 2:1 layer silicates are dissolved by fresh water, which enhances kaolinite formation [48], whereas sea water preserves and promotes the genesis of mica, chlorite and smectite [49]. The mineralogy of the studied Lwamondo and Zebediela kaolins being dominated by kaolinite is indicative of relatively uniform chemistry from the processes of weathering, transportation, deposition and their reworkings.





5. Conclusions


Trace element and stable isotope compositions of the Lwamondo and Zebediela kaolins were studied in order to determine the paleoenvironmental conditions underpinning their formation. The REE pattern and the content of various trace elements showed evidence of ongoing kaolinitisation in the Lwamondo and Zebediela kaolins, with minimum mineral sorting. The host rocks for the studied kaolins varied from basic to intermediate for the Zebediela kaolin deposit and from intermediate to felsic for the Lwamondo deposit. The U and Th contents of the Lwamondo and Zebediela kaolins suggest that these kaolins were derived from an active margin tectonic setting. The Lwamondo kaolin was deposited in an oxic environment, whereas the Zebediela kaolin was deposited under suboxic/anoxic conditions. The δ18O and δD values of the kaolinite from the Lwamondo and Zebediela kaolin deposits suggest that they were formed during weathering consistent with supergene origin. The mean δ18O and δD isotopic values of the studied samples indicate that the kaolin formation was in equilibrium with meteoric water at near-surface temperature. The temperature of formation of the Lwamondo and Zebediela kaolins based on their stable isotope values is indicative of the low temperature of kaolinitisation, ruling out any possible hydrothermal process.
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Figure 1. Geological setting of the Lwamondo kaolin occurrence. Modified from [18]. 
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Figure 2. Geological setting of Zebediela kaolin occurrence. Modified from [18]. 
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Figure 3. Upper continental crust (UCC) normalised trace element concentrations of the clay size fraction of the Lwamondo kaolin (arranged in increasing atomic number from Sc to U). 
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Figure 4. UCC normalised trace element concentrations of the clay size fraction of the Zebediela kaolin (arranged in increasing atomic number from Sc to U). 
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Figure 5. Rare earth element plot of the clay size fraction of the Lwamondo kaolin samples compared to the UCC. 
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Figure 6. Rare earth element plot of the clay size fraction of the Zebediela kaolin samples compared to the UCC. 
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Figure 7. δ18O versus δD plot of clay fractions of the Lwamondo and Zebediela kaolins. The global meteoric water line (GMWL), the supergene–hypogene line (S/H line) and the kaolinite line are plotted for reference. 
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Figure 8. Th/Co vs. La/Sc showing the source rocks of the Lwamondo and Zebediela kaolins. 
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Figure 9. Plot of Th/Sc of the Lwamondo and Zebediela kaolins, showing a silicic source. 
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Figure 10. Plot of Th/U vs. Th for the Lwamondo and Zebediela kaolins, showing a mantle source. 
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Figure 11. Th/Sc vs. Zr/Sc plot showing the normal trend for compositional variation in the Lwamondo and Zebediela kaolins. 
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Figure 12. Cross plots of V/Cr vs. Ni/Co used as paleo-redox proxies. 
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Figure 13. δ18O vs. δD diagram for <2 µm fraction of the Lwamondo and Zebediela kaolins. The GMWL, S/H Line and kaolinite lines are given as reference. 
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Table 1. Particle size distribution of the Lwamondo and Zebediela kaolins.
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	Sample
	Sand (wt %)
	Silt (wt %)
	Clay (wt %)





	LWA1
	46
	32
	22



	LWA2
	38
	40
	22



	LWA3
	46
	24
	30



	LWA4
	20
	62
	18



	LWA5
	30
	44
	26



	LWA6
	30
	34
	36



	LWA7
	40
	48
	12



	LWA8
	22
	54
	24



	LWA9
	32
	36
	32



	ZEB1
	24
	32
	44



	ZEB2
	46
	30
	24



	ZEB3
	10
	48
	42



	ZEB4
	18
	50
	32



	ZEB5
	34
	36
	30



	ZEB6
	18
	72
	10



	ZEB7
	20
	58
	22



	ZEB8
	30
	24
	46



	ZEB9
	40
	28
	32
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Table 2. Instrument detection limits (DL) of trace elements.
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	Trace Element
	DL (ppm)
	Trace Element
	DL (ppm)





	Sc
	0.022
	Pr
	0.002



	V
	0.018
	Nd
	0.007



	Cr
	0.166
	Sm
	0.010



	Co
	0.008
	Eu
	0.002



	Ni
	0.144
	Gd
	0.007



	Cu
	0.020
	Tb
	0.001



	Zn
	0.130
	Dy
	0.004



	Rb
	0.008
	Ho
	0.001



	Sr
	0.003
	Er
	0.003



	Y
	0.002
	Tm
	0.001



	Zr
	0.005
	Yb
	0.007



	Nb
	0.001
	Lu
	0.001



	Mo
	0.009
	Hf
	0.004



	Cs
	0.003
	Ta
	0.001



	Ba
	0.020
	Pb
	0.005



	La
	0.001
	Th
	0.002



	Ce
	0.002
	U
	0.002
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Table 3. Trace element composition in ppm of the clay fraction of the Lwamondo kaolin (arranged in increasing atomic number from Sc to U).
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	Trace Elements and Selected Ratios
	LWA1
	LWA2
	LWA3
	LWA4
	LWA5
	LWA6
	LWA7
	LWA8
	LWA9
	UCC 1





	Sc
	37.2
	7.6
	10.6
	10.6
	6.1
	55.0
	4. 9
	85.5
	3.7
	14.0



	V
	230.4
	28.1
	26.6
	49.6
	12.7
	82.7
	8.6
	738.0
	6.5
	97.0



	Cr
	85.6
	75.0
	171.6
	145.5
	168.9
	3604.0
	64.2
	79.6
	76.1
	92.0



	Co
	15.1
	1.8
	4.9
	3.8
	1.5
	48.6
	1.4
	42.7
	1.3
	17.3



	Ni
	178.8
	123.3
	93.0
	122.0
	269.0
	1082.5
	94.6
	178.6
	94.0
	47.0



	Cu
	247.0
	24.6
	35.4.0
	12.4
	11.8
	62.1
	7.1
	828.0
	6.9
	28.0



	Zn
	200.6
	55.9
	46
	63.1
	37.2
	151.7
	26.7
	253.0
	29.8
	67.0



	Rb
	53.7
	41.9
	68.7
	61.6
	70.5
	1.0
	35.9
	33.5
	30.3
	84.0



	Sr
	37.2
	28.3
	18.0
	128.7
	48.0
	33.2
	49.0
	28.5
	20.0
	320.0



	Y
	17.4
	2.4
	3.4
	19.4
	2.2
	15.5
	1.9
	52.4
	1.2
	21.0



	Zr
	140.1
	21.1
	13.3
	45.0
	1.8
	29.0
	99.5
	266.4
	59.0
	193.0



	Nb
	12. 5
	13.0
	14.2
	18.9
	5.1
	7.5
	2.4
	16.3
	1.7
	12.0



	Mo
	0.5
	0.4
	0.5
	0.4
	0.5
	0.6
	1.1
	1.6
	0.3
	1.1



	Cs
	2.4
	0.5
	0.7
	1.2
	0.8
	0.1
	0.4
	5.0
	0.2
	4.9



	Ba
	562.5
	450.0
	484.5
	626.0
	404.5
	86.6
	157.0
	340.5
	85.8
	624.0



	Hf
	4.3
	0.6
	0.4
	1.2
	1.2
	0.8
	3.4
	7.1
	1.5
	5.3



	Ta
	0.7
	0.2
	0.7
	0.5
	0.1
	0.1
	0.1
	1.0
	0.1
	0.9



	Pb
	8.3
	23.4
	13. 5
	30.1
	9.4
	9.8
	35.8
	11.2
	11.4
	17



	Th
	5.4
	1.1
	2.8
	1.4
	0.1
	0.3
	0.3
	8.5
	0.4
	10.5



	U
	0.8
	0.8
	0.6
	1.2
	0.4
	0.6
	0.3
	2.0
	0.5
	2.7



	U/Th
	0.2
	0.7
	0.2
	0.8
	3. 5
	2.1
	1.0
	0.2
	1.1
	



	Ni/Co
	11.9
	67.4
	19.2
	32.1
	181.8
	22.3
	70.1
	4.2
	74.0
	



	V/Cr
	2.7
	0.4
	0.2
	0.3
	0.1
	0.0
	0.1
	9.3
	0.1
	







1 Upper continental crust (UCC) values from [33].
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