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Abstract

This study investigates unique weathering crust samples from the most altered sections (30-43 m) of the weathering
profile within the Souktal Plutonic Complex, Northern Kazakhstan. The samples, obtained from two drill cores,
consist of quartz, kaolinite, microcline, muscovite, and plagioclase, as identified through polarized light
microscopy and confirmed by X-ray diffraction analysis. Sequential extraction of rare earth elements (REE) was
performed using inductively coupled plasma mass spectrometry (ICP-MS) following a two-step leaching procedure
with hydroxylamine hydrochloride (0.2 mol NH20OH-HCI) and sodium hydroxide (1 mol NaOH) solutions. The
extraction process effectively recovered REE, indicating their presence in an ion-exchangeable form, with total
extraction rates (REE + Sc + Y) ranging from 4.1 to 7.8 ppm. The total light REE content varies from 3.5 to
5.9 ppm, while heavy REE content ranges from 0.2 to 0.7 ppm across all samples. Petrological and geochemical
analyses suggest that the studied area represents an ion-adsorption-type REE weathered deposit. These findings
enhance the understanding of ionic-adsorbed REE within weathering crusts and highlight the effectiveness of
sequential extraction methods for REE determination. Moreover, the study suggests that this area holds promising
potential as a future REE ion-adsorption site, contributing to the development of Kazakhstan’s national REE
industry.
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Introduction

The interest in rare earth elements (REE) has been steadily increasing due to their crucial role in
various industries, including electronics, aviation, automotive manufacturing, energy production, and
many others. Despite their occurrence in various minerals, the average concentration of REE in the
Earth’s crust is relatively low, and the number of known REE deposits remains limited [1, 2]. Rare
earth elements play a vital role in modern industry and have significant potential for advancing new
technologies and innovations. Hence, there is a growing emphasis on identifying sources of REE
and improving their extraction and processing methods. REE play a crucial role in deciphering the
genesis of various geological processes, including those at the mineral scale [3-5]. Recent
studies have demonstrated that trace elements can be highly sensitive indicators of rare-metal
mineralization [6, 7]. Thus, studying the distribution of rare and rare earth elements provides valuable

45
This is an open access article under the CC BY 4.0 license



EgRE  Journal of Mining Institute. 2026. Vol. 277. P. 45-54

'Tf!-ii-. © Medet A. Junussov, Kamal R. Regmi, Ekaterina V. Klimova, Aleksandr V. Reznik, 2025
data for identifying mineral deposits and analyzing their genesis. This method is applicable to both
scientific research and practical applications in geosciences, including mineral exploration and
extraction [8]. The primary sources of REE include minerals such as bastnasite, monazite, loparite,
xenotime, and ion-adsorption clays [9].

Weathering processes lead to the leaching of REE from minerals, followed by their adsorption,
resulting in the formation of ion-adsorption-type weathering crusts [10]. These deposits are widely
distributed in Southern China and represent one of the world’s main sources of heavy rare earth
elements (HREE) [11]. In addition to REE fractionation through the dissolution of REE-bearing
minerals [12] other mechanisms of deposit formation include complexation with organic and inor-
ganic ligands [13], mineral adsorption [14], surface precipitation [15], and redox reactions [16]. These
characteristics make REE valuable indicators for studying the geochemical properties of rocks.
Global REE reserves are estimated at approximately 120 million t, with the majority located in
China, Brazil, Russia, India, and Australia. The most productive REE deposits are associated with
carbonatites, alkaline rocks, and weathering crusts [17, 18].

Significant advancements in REE separation have been achieved through ion exchange [19, 20]
and extraction methods [21]. Sequential chemical leaching or extraction is a highly effective tech-
nique for studying REE behavior [22, 23], widely applied in fractionating these elements in soils and
sediments [24, 25].

Kazakhstan holds significant potential for REE deposit discoveries due to its substantial
unexplored resources. The country has registered 384 deposits across 160 sites, including carbonatite,
alkaline, magmatic, metamorphic, metasomatic, sedimentary, and weathering crust-type deposits [26].
One of the poorly studied weathering crust deposits is Souktal, located in the northern part of the
country. Therefore, determining REE concentrations in the weathering crust over the
Souktal granitic-gneisses using a two-stage sequential chemical extraction method is a relevant
research objective.

Geological settings

The study area is located along the southeastern boundary of the Kostanay Region in Northern
Kazakhstan. It lies within a tectonomagmatically reactivated zone at the junction of a regional sub-
meridional compression zone and deep-seated fault structures of both sublatitudinal and submeri-
dional orientations. These structures have contributed to the development of quartz-feldspar metaso-
matism with rare-metal (Sn, W, Be, Ta, Nb, etc.) and the formation of linear weathering crusts. Pro-
terozoic granitic gneisses (y2 PR2) represent the oldest rocks of the Souktal Massif. The massif’s
granitoids exhibit diverse compositions, though coarse-grained granitic gneisses predominate. These
gneisses are encircled by a halo of banded microcline gneisses [27]. Proterozoic formations (PR)
form the core of the Mesozoic Ulytau Anticline, where the exhumation and weathering of the Souk-
tal granitic-gneiss complex have occurred [27]. The weathering crust over the granitic gneisses
varies in thickness from 23 to 85 m [27]. The region also contains Lower to Middle Proterozoic
(PR1-2) green schists and tuffs, with the total Proterozoic sequence reaching 5400-5700 m in thick-
ness. The Proterozoic and Palaeozoic formations comprise the folded basement, while Mesozoic
and Cenozoic unconsolidated deposits form the platform cover. Palaeozoic strata are relatively
scarce. Devonian terrigenous sequences consist of red-coloured arkose sandstones, siltstones,
coarse-grained sandstones, and conglomerates, with the upper portion characterized by interbedded
fine-grained red sandstones, siltstones, and pinkish-gray calcareous sandstones (total thickness —
150 m). The Devonian strata exhibit a sharp angular unconformity with Palaeozoic mafic intrusions
(gabbro) and Proterozoic schists [27].

The weathering profile is divided into four distinct zones: granitic-gneiss zone — characterized
by fractures filled with manganese oxides and iron hydroxides; kaolinite-montmorillonite zone —
composed of variegated clays, predominantly light green, greenish-light gray, gray, and black;
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reddish-gray kaolinite zone — consists of kaolinite, quartz, iron, and hydroxides; white kaolinite
zone — primarily composed of kaolinite and quartz. Supergene formations are overlain by Cenozoic
and Quaternary deposits. The sedimentary cover mainly consists of sands, loams, silts, and aeolian
and alluvial deposits, reaching a thickness of up to 70 m [27].

Sampling and analytical methods

Sampling was conducted from two boreholes, labeled C-15 (N49°31'32.82"-E66°38'18.72")
and C-18 (N49°31'32.84"-E66°38'24.30"), due to the lack of surface exposures. Borehole C-15
reached a depth of 43 m, while borehole C-18 extended to 30 m. Each collected sample weighed
approximately 1 kg.

The mineral composition of the weathering crust was determined using a transmitted light
microscope (Zeiss Primotech), for preliminary optical diagnostics and subsequently determined using
X-ray diffraction (XRD). X-ray diffraction (XRD) analysis was performed using a Rigaku Smart Lab
instrument with a CuKa X-ray source for samples at 30 kV X-ray tube voltage, 15 mA current, with
a fixed slit system, a scanning range of 3 to 90°, a minimum step of 0.020 and a scanning speed of
2 rpm. Samples of the weathering crust from boreholes were carefully crushed, pulverized, and ho-
mogenized in a laboratory ball mill (Retsch, TM 300 DrumMill) at 80 rpm for 10-20 min, and then
sieved using a sieve shaker (Retsch, AS 300 Control) to obtain powders with a particle size of 74 um.
25 g of distilled water was added to 10 g of each sample, and the mixtures were left in sealed graduated
cylinders at room temperature for two days to reach equilibrium. The pH of the resulting solutions
was measured with a pH meter (ISOLAB). Subsequently, the samples were dried in an oven at 60 °C
and ground in an agate mortar.

The two-step sequential leaching of REE in the samples was performed following the methods
described in references [28, 29] as outlined:

1. A 10 ml solution of NH2 OH-HCI (0.2 mol, pH = 5.0) was added to 1 g of powdered samples
(74 um) [30, 31] and shaken for 3 h. The suspension was then heated in a water bath at 95 °C for 4 h
while being continuously mixed with a magnetic stirrer at 250 rpm. After centrifugation and filtration,
the supernatant was collected.

2. The residue was transferred into a glass beaker, and 10 ml of 1 mol NaOH was added. The
mixture was then stirred at 350 rpm using a heating magnetic stirrer while being heated in a water
bath at 75 °C for 1 h.

The liquid extracts from both steps were further analyzed for REE concentrations using induc-
tively coupled plasma mass spectrometry (ICP-MS). The concentrations of REE were determined
using a single quadrupole-based ICP-MS (Thermo Fisher Scientific iCAP RQ). The calibration standard
IV-STOCK-26-125ML was used to construct calibration curves and evaluate the reliability of the
obtained results. The detection limits for all elements were calculated based on the calibration curves
and were less than 0.0005 pg/l.

All analytical studies were conducted at Nazarbayev University (Astana, Kazakhstan).

Results

Mineral composition of rocks. In hand specimens, the sample C-15 occurs as a slightly sticky
reddish-brown, while the sample C-18 is yellowish brown, light and brittle. Both specimens are highly
weathered granitic gneisses. The petrographic study revealed that they are composed of muscovite,
K-feldspar, quartz, plagioclase, kaolinite, and Fe hydroxides (Fig.1). However, XRD patterns con-
firmed the presence of K-feldspar, quartz, plagioclase with minor muscovite and kaolinite but Fe
hydroxides was never detected in XRD spectra (Fig.2). The average mineral contents show that the
sample C-15 has, vol.%: 42.7 quartz, 54.3 kaolinite; and 3 hydroxides Fe; while sample C-18 has,
vol.%: 47.8 quartz, 35 kaolinite, 8.3 K-feldspar, 5.4 muscovite, 3.5 plagioclase, and a small amount
of amorphous materials.
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Fig.1. Weathering crust fragments, sample C-15 — note-white kaolinite (WK) fragments in reddish brown
fragile clay (a); sample C-18 — yellowish-grey fragile clay interbedded with organic matter (OM) (b);
micrographs without analyzer (c, d); with analyzer (e, f); quartz grains cemented by kaolinite with iron hydroxide (c, e);
grains of quartz, feldspar, apatite, kaolinite and muscovite (d, f). Mineral abbreviations after R.Kretz [32]
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Fig.2. X-ray diffraction (XRD) spectra of the samples:
M — muscovite; Kf — K-feldspar; Q — quartz; K — kaolinite; Pl — plagioclase
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Fig.3. Distribution of REE in experimental solutions at the first stage of leaching (a);
at the second stage of leaching (b)

Sequential experimental leaching. All REE, including Y and Sc, with the exception of Pm, were
successfully extracted in the sequential leaching process (Fig.3).

In the first step of the leaching, Ce, La, Nd, Y, Sc, Gd and Sm were extracted in relatively high
amounts, while Eu, Tb, Dy, Ho, Er, Yb, and Tm were in much smaller quantities from the sample
C-15 (see Table). On the other hand, sample C-18 released comparatively low amounts.

REE concentrations in the extracted solutions (ICP-MS)

Sample C-15 Sample C-18
Element 1st step 2nd step 1st step 2nd step
NH,OH-HCI, ppb NaOH, ppb NH,OH-HCI, ppb NaOH, ppb
Sc 26.71 98.11 Below the detection limit 146.32
Y 59.16 116.88 38.32 1072.88
La 90.27 435.86 19.16 1692.78
Ce 1513.07 815.03 165.15 2214.96
Pr 23.08 106.18 4.04 320.80
Nd 90.50 391.20 17.22 1195.81
Sm 20.64 75.11 4.13 227.78
Eu 3.51 7.72 0.72 19.31
Gd 27.88 65.88 7.02 251.70
Th 3.32 8.07 1.19 37.05
Dy 16.89 33.81 7.40 188.67
Ho 3.21 5.59 1.61 33.33
Er 9.09 13.67 453 88.54
Tm 1.30 1.69 0.66 11.04
Yb 8.55 10.42 4.20 65.73
Lu 1.07 1.38 0.52 8.48
P35 1812 1971 237 6351
La/Yb 10.55 41.83 4.56 25.76
Ce/Ce* 2.83 0.96 2.13 0.85
Y sample, ppm 18 2.3 0.2 6.3
Total X REE, ppm 4.1 6.5
P30 +Sc+Y 4.1 7.8
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In the second leaching step (remnant of REE from the 1st step of extraction), the high concentration
of Ce, La, Nd, Y, Pr, Sc, and Lu was leached in sample C-15; while sample C-18 liberated even
higher quantity (see Table).

The most abundant extracted element is Ce in the 1st step leaching, followed by Nd and La, in
C-15 whereas in C-18 the order is Ce > Y > La. In the 2nd step of leaching, the extracted amount is
Ce > La > Nd > Y in both samples (see Table). Ce has the highest extracted values while Tm has the
lowest.

The results of laboratory experiments showed that the obtained solutions are characterized by
elevated values of light rare earth elements (LREE) relative to HREE. The La/Yb ratio in the experi-
mental solutions at the first leaching stage was 10.5 and 4.6 in samples C-15 and C-18, respectively.
The La/Yb ratio in C-15 and C-18 at the second leaching stage is higher, at 41.8 and 25.8. The total
extraction of REE, including Sc and Y, during the two-stage sequential leaching was 4.1 ppm from
sample C-15 and 7.8 ppm from sample C-18 (see Table).

The experimental solutions from the first leaching stage showed maximum Ce-anomaly values
of 2.83 in the sample from borehole C-15 and 2.13 in the sample from borehole C-18. The minimum
Ce/Ce* values were obtained at the second leaching stage — 0.96 and 0.85 from the samples of
boreholes C-15 and C-18, respectively (see Table).

The results of laboratory experiments showed a negative Eu-anomaly at two stages of the
experiment (Fig.3).

The pH measurements indicate a higher value of 5.03 in C-18 and a lower value of 4.85 in C-15.

Discussion

Origin of REE in ion-adsorption form in the weathering crust of granite-gneisses. The weathered
granitic gneiss from the Souktal Plutonic Complex is characterized as a clay-rich REE deposit, where
feldspars undergo kaolinization due to crustal weathering and deposition from detrital sedimentary
rocks. Quartz, the most stable mineral, is present in all weathering crust zones. It is often leached,
angular, and contains traces of mica with clay aggregates adhering to its surface, and occasionally
has inclusions of black, iron-rich minerals [27]. Feldspars and platy-angular fragments of light and
greenish micas are predominantly found in clay-mica zones, with feldspars being replaced by kaolinite.
The minerals are frequently impregnated with iron and manganese hydroxides [27]. In both samples,
kaolinite is closely associated with Fe hydroxides (see Fig.1). However, Fe hydroxides were not
detected in the XRD spectra due to their amorphous or poorly crystalline state [33]. The results of the
studies showed that the main minerals concentrating REE in the weathering crust are kaolinite, micas,
iron hydroxides, feldspars, and apatite. Our results show that the REE in the Souktal are of a typical
ion-adsorption origin. lon-adsorption-type REE deposits refer to the phenomenon where REE bind to
clay minerals and sediment particles through electrostatic attraction in their ionic form [34]. This type
of deposit was first discovered in China (in 1969), in the weathered granitic crust in Longnan, Jiangxi
Province [35, 36]. Later, similar deposits were subsequently found in other places. Several authors
have attributed the formation of these deposits to the enrichment of REE through the weathering
of magmatic parent rocks. The content of clay minerals in the weathering crusts of deposits
ranges from 40 to 70 %, and the content of ion-exchangeable REE in samples typically ranges from
50 to 70 % [37-39].

REE-bearing minerals in rocks can be broadly classified into two categories: REE-bearing ac-
cessory and ore minerals (including silicates such as zircon, allanite, titanite, and garnet; phosphates
such as xenotime, apatite, and monazite; fluoro-carbonates such as bastnasite, synchysite, and parisite;
as well as niobates, tantalates, and fluorite) and rock-forming minerals (such as feldspar, quartz, mus-
covite, biotite, and amphibole, and others) [40-42]. Approximately 78 % of REE originate from the
decomposition of REE-bearing minerals, while the breakdown of rock-forming minerals contributes
around 22 % [12, 24]. The increase in REE concentrations is primarily driven by the decomposition of
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accessory minerals and the extent of mineral weathering within the weathering profile [24, 40]. In the
weathering crust deposits of Northern Kazakhstan, cerium-group REE generally dominate over
yttrium-group REE [43]. Although REE are relatively widespread, their distribution is highly
uneven along both the strike and dip within the weathering profile [27]. In the weathering crust of the
Souktal Massif, the primary REE- and Y-bearing minerals are kaolinite, muscovite, and, to a lesser
extent, plagioclase [25].

Additionally, clay minerals act as indicators of the degree of rock weathering, with fully weathered
layers primarily characterized by the transformation of feldspar into kaolinite [24, 44]. Within the
weathering profile, as rock transitions to clay, REE are initially leached from the parent material and,
with increasing pH, become adsorbed in the most intensely weathered horizons. The total extracted
REE content is 6.5 ppm in sample C-18, whereas it is lower in sample C-15, at 4.1 ppm. These findings
may help identify more enriched weathering crust zones within the study area.

The reliability of selected reagents for leaching. Primary REE-bearing minerals break down during
weathering, thus releasing soluble REE ions [45]. These ions interact mainly with clay minerals and
other sediments, forming ion-exchangeable complexes that can be easily leached or extracted [38, 39].
To enhance the efficiency of REE extraction, extensive research has been conducted on the extraction
processes of REE from weathering crusts, which have formed because of leaching from parent
rocks [46]. The extraction of REE ions adsorbed on clay minerals can be desorbed through ion
exchange by cations, including Na*, Ca?*, and NH4 [20, 38, 47]. The results of two-stage leaching
experiments on weathering crust samples from the granitic-gneisses of the Souktal Plutonic Complex
in Northern Kazakhstan demonstrated successful REE extraction using NH2OH-HC1 and NaOH.
Therefore, the leaching procedure with these reagents is a reliable method for extracting ion-
exchangeable REE.

Distribution characteristics of REE. The LREE (La, Ce, Pr, Nd, Sm, Eu, and Sc) are released
at a rate five times higher than the HREE (Y, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Gd) in both of
the samples. A similar LREE-enriched mineral deposit has been observed in the granite porphyry
of the Jiangxi Region, China [48]. A key indicator of chemical weathering is the enrichment
of REE in the weathering crust relative to the parent substrate [49]. In weathering crusts formed
on granitoid protoliths, HREE are generally more enriched [50]. However, this study demonstrates
that LREE dominate in solution after leaching, with La/Yb ratios of 10.5 and 4.6 in samples
C-15 and C-18, respectively, during the first leaching stage, and increasing to 41.8 and 25.8
in samples C-15 and C-18 in the second leaching stage (see Table). Research conducted at the
Institute of Precambrian Geology and Geochronology of the RAS confirms the preferential removal
of LREE from the weathering profile during the leaching of Precambrian granitoids from the
Fennoscandian Shield. Furthermore, the study revealed that when weakly acidic sulfuric acid
interacts with Paleoproterozoic granitic gneisses of the Fennoscandian Shield, progressive LREE
enrichment relative to HREE occurs with increasing interaction time [51]. Similar findings have
been reported in previous studies on the selective leaching of REE from marine sediments using
hydrochloric acid [52].

Among REE, europium can exist in multiple oxidation states. A negative Eu-anomaly
(Fig.3) is characteristic of highly weathered rocks, where Eu®* is leached under oxidizing condi-
tions [52].

Cerium can exist as Ce*" and Ce** under supergene conditions. The presence of Ce in both
forms within modern natural aguatic systems is evident, as indicated by a negative Ce-anomaly in
oxygenated waters. In contrast, anoxic waters exhibit a positive Ce-anomaly, indicating Ce en-
richment relative to La and Nd (including Pd). Since the pH of oceanic water remains relatively
stable and can be measured or calculated, the partial oxygen pressure can be determined based on
Ce content. However, in the drainage solutions of the supergene zone, pH values are more
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variable and fluctuate across different stages of continental weathering [51, 52]. Numerous fac-
tors influence Ce behaviour [13, 53, 54], with pH-Eh conditions being the primary controls on Ce
partitioning between solid and liquid phases [55]. Another key factor affecting Ce behaviour
is the intensity of drainage within the weathering profile [52]. Our results indicate that the
Ce-anomaly is positive during the first leaching stage but becomes negative in the second
stage, likely due to variations in pH conditions. Additionally, Ce exhibits a relatively high
concentration among REE (Fig.3). During the first leaching stage, a positive Ce-anomaly is ob-
served, whereas the second, alkaline leaching stage results in a negative Ce-anomaly. Petrographic
studies reveal that Fe hydroxides are closely associated with kaolinite (see Fig.1l). Previous
research [45, 56, 57] has shown that Fe hydroxides play a critical role in forming positive
Ce-anomalies across various geological settings. These Fe hydroxides account for approximately
95 % of the total Ce content, as Fe oxides can adsorb REE and are typically associated with clay
minerals [50, 52]. Studies on REE sorption and co-precipitation onto Fe hydroxides have demon-
strated a positive Ce-anomaly in solutions due to its oxidation in the solid phase [50]. These
findings align with our data, which show positive Ce-anomalies (Ce/Ce* = 2.83 and 2.13) during
the first leaching stage.

Conclusion

Petrographic and geochemical analyses suggest that the weathering profile of the Souktal Mas-
sif holds significant potential for further REE exploration. The findings confirm that the
deposit belongs to the ion-adsorption type of REE deposits formed in the weathering crust of
granitic-gneisses. Sequential leaching effectively extracted REE, with total recovery of
REE + Sc + Y ranging from 4.1 to 7.8 ppm. The total content of LREE varies from 3.5 to
5.9 ppm, while HREE range from 0.2 to 0.7 ppm. The observed positive Ce-anomaly in the weathering
profile is attributed to the association of kaolinite with Fe hydroxides. Based on these results,
further investigations are recommended to a depth of approximately 100 m.

These findings not only enhance our understanding of geological processes in the formation of
ion-adsorption deposits but also hold practical significance for the industrial development of REE
resources in the region.
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