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1 INTRODUCTION
The scarcity of lithium raw materials has become widely recognized as one of the most extensively researched aspects of the economic, industrial-technological, and resource status of mineral bases in many countries worldwide (Balaram et al., 2024). It is evident that as reserves of actively mined lithium raw material deposits and hydrothermal solution deposits near depletion, interest in lithium (spodumene) pegmatites is growing. These lithium pegmatites play a crucial role in the shift towards green energy, making them primary targets for mineral exploration.
Afghanistan has large lithium pegmatite deposits, spatially and genetically associated with leucogranites from the third phase of the Laghman complex of the Cretaceous-Paleogene age. Specializing in lithium, cesium, and tantalum, the rare-metal LCT-type (Li–Cs–Ta) pegmatites, including spodumene pegmatites, are found prominently in the eastern part of the country, particularly in Nuristan Province (Benham and Coats, 2007). Soviet geologists significantly contributed to the discovery and subsequent study of these pegmatites in the 1970s (Rossovskiy and Chmyrev, 1977). However, a comprehensive mineralogical and geochemical study of these ore deposits has not been undertaken. This article presents some findings from the fieldwork conducted in 2023 by Nazifullah Hamdard in Nuristan Province at the Pashki deposit, where a variety of colorless transparent beryl, known as goshenite, was discovered in one of the veins of spodumene pegmatites (Figure 1A).
[image: Figure 1]FIGURE 1 | Sampled beryl crystal (A); the orientation of the section in the crystal (B), the position of the points in the mount, a photograph in reflected light (C).
Beryl, with an ideal formula of Be3Al2Si6O18, is the most common beryllium mineral in rare-element granitic pegmatites, particularly in complex types of LCT-pegmatites (Černý and Ercit, 2005; Sardi and Heimann, 2014). The variations in minor and trace elements (Fe, Mg, Sc, Li, Na, Cs, and others) and their substitution mechanisms in beryl reflect the pegmatite environment and the degree of fractionation (Aurisicchio et al., 2012; Simmons et al., 2012). The evolution of beryl composition during pegmatite formation, which shows an increase in alkali content (Na, Li, and Cs) and a decrease in Fe and Mg content, has been observed in various pegmatites worldwide (Duan et al., 2024). Compared to other varieties, colorless beryl (goshenite) remains relatively understudied in terms of its minor and trace element content (Hu and Lu, 2020). This study presents findings on minor and trace elements in goshenite from the spodumene pegmatites of the Pashki deposit in Nuristan Province, Afghanistan.
2 GEOLOGICAL BACKGROUND
The Pashki deposit is located within the Parun pegmatite field, in the mountains at an altitude of 3,000–4,300 m. Here, over an area of 2 × 3.5 km, series of extended (up to 1 km and more with a thickness of several tens of meters) steeply dipping pegmatite bodies of north-eastern strike with rich spodumene mineralization are exposed. The host rocks are metamorphic rocks of the Kashmund series of the Upper Triassic, represented by crystalline schists, quartzite-sandstones, and marbleized limestones (Supplementary Figure S1). The composition of ore-bearing pegmatites of the Pashki deposit is quartz-spodumene-microcline-albite. Within its boundaries, pegmatites are represented by two relatively large bodies: veins No. 1, and No. 3, and vein zone No. 2, which are “net” junctions of a multitude of differently oriented vein forms. The preliminary estimated reserves of the deposit to a depth of 100 m are 127,000 tonnes of Li2O (Benham and Coats, 2007). Vein No. 3, in which goshenite crystals were found, has a corkscrew shape and lies mainly in accordance with the host rocks (thin-layered garnet- and staurolite-quartz-biotite schists). The vein extends for 600 m along the strike and is 2–8 m thick. The following vertical zonality is observed in the vein: the lower visible part is composed mainly of large-crystalline quartz-microcline-albite pegmatoid granites containing small crystals of spodumene. Higher along the section, the number of nests and veins of quartz-microcline-albite pegmatites of block structure increases in pegmatoid granites, giant pegmatoid segregation structure with quartz separations and large spodumene is noted. The vein is characterized by the presence of voids containing kunzite, light green muscovite and rock crystal. The contacts of the vein with the schists are distinct. Exocontact changes are expressed in muscovitization and tourmalinization of schists at a distance of 5–15 cm from vein contacts. The vein is characterised by the widespread distribution of sugar-like aggregates of fine crystalline albite. Tourmaline (schorl), whose crystals reach 5 × 10 cm in length, is often found in areas of blocky and pegmatoidal structure. Beryl (aquamarine and goshenite) crystals up to 2–3 cm in size are usually observed in the upper (head) part of vein No. 3. Crystals of transparent colourless beryl, the composition of which is the subject of this article, were found in vein No. 3 (at an altitude of 3,800 m) in association with spodumene, microcline, albite (cleavelandite), tantalite and polychrome (“watermelon”) tourmaline.
3 METHODS
3.1 Sampling
A colorless and transparent beryl crystal, with a columnar habit and about 1 cm in size, was cut along the prism faces (elongation axis) and placed in a standard epoxy mount with a one-inch diameter. The zonation of beryl was studied from the centre to the edge of the crystal in the plane perpendicular to the basal pinacoid. Points 1–8 are located in the growth zone of the prism (10[image: image]0), and points 9–16 are located in the growth zone of the pinacoid (0001) (Figures 1B, C). Accordingly, points 1 and 9 refer to the initial stage of crystal growth, and points 8 and 16 refer to the final stage.
3.2 Trace element analyses
The contents of minor and trace elements, water, and volatiles in beryl were determined by secondary ion mass spectrometry (SIMS) using a Cameca IMS-4f ion microprobe at the Yaroslavl branch of the Institute of Physics and Technology named after K. A. Valiev, Russian Academy of Sciences. The basics of the measurement technique corresponded to those reported in (Nosova et al., 2002; Fedotova et al., 2008; Portnyagin et al., 2008).
The analyses were carried out in two steps using different protocols for the determination of volatile (Cl, F, H) and light (B, Li) impurity elements, and the main set (Na, Mg, K, Ca, Sr, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Ga, Rb, Cs). Primary 16O2− ions were accelerated to about 14.5 keV and focused at the sample surface into a spot about 20–30 µm in diameter. The intensity of the primary ion current was 5 nА (protocol «volatiles») and 1.5 nА (main protocol). Positive secondary ions were collected from an area of 10 𝜇m (protocol «volatiles») or 25 𝜇m (main protocol) in diameter, limited by a field aperture. Molecular and ion clusters were energy filtered using an offset voltage of −100 V, with an energy window of 50 eV. Three counting cycles were carried out with a discrete transition between mass peaks within a given set. The counting time was varied depending on signal intensity and was determined automatically by statistical control. The maximum counting time for any species in each cycle was 30 s.
The absolute concentrations of each element were calculated from the measured intensities of positive single-atom secondary ions, which were normalized to the intensity of secondary 30Si+ ions using the relative sensitivity factors (RSFs). Calibration curves were based on the measurements of the set of well-characterized standard samples (Jochum et al., 2000). Quantification of Sc, Fe, Ni, and Co was carried out taking into account isobaric mass peak interference (Skublov et al., 2022).
Ion analysis of water required established approaches to decrease the background level. Prior to measurements, each sample was kept for at least 12 h in the analytical chamber of the mass-spectrometer, where high vacuum conditions were maintained. The analysis was preceded by ion sputtering of conducting gold film and a surface pollutant layer on the area to be analyzed. Then, the procedure of automatic adjustment of the sample potential was applied. The static primary beam spot overlapped the field of view of the secondary ion optics (10 µm in diameter) centered at the pre-sputtered crater (∼40 × 40 μm). An anhydrous silicate (olivine) grain introduced into each sample mount was used to measure the 1H+ signal background. Water concentration was calculated from the 1H+/30Si+ ion current ratio based on calibration relationships: C[H2O]/C[SiO2] = (I(1H+) – I(1H+)bg)/I(30Si+) × RSF × K(SiO2). Here, C[H2O] and C[SiO2] are H2O and SiO2 concentrations in wt%; I(1H+), I(1H+)bg, and I(30Si+) are measured secondary ion intensities in imp/sec; I(1H+)bg is background signal intensity. The correction coefficient K(SiO2) accounts for dependence of RSF on SiO2 concentration for which a linear approximation was used as: K(SiO2) = (1–(SiO2–50) × 0.0185).
Calibrations were obtained using samples of natural and experimental glasses (in all, 28 standard samples) covering a wide range of the variation in SiO2 and water concentrations (Skublov et al., 2022). The results of calibration show that maximum deviation from the reference value was no more than 15% and the calculation error is 7%. A similar approach was used for calculating fluorine and chlorine concentrations. The method for determining fluorine in silicate matrices was published in (Portnyagin et al., 2008). Standard glass NIST-610 was used as a monitor before an analytical session. The trace element measurement error did not exceed 10% for concentrations higher than 1 ppm and 20% for concentrations ranging from 0.1 to 1 ppm, respectively. The trace element detection limit ranges mainly from 0.005 to 0.010 ppm.
4 DATA DESCRIPTION
The results of the trace element study are presented in Figure 2 and Supplementary Table S1.
[image: Figure 2]FIGURE 2 | Trace element distribution in the beryl from spodumene pegmatites of Pashki deposit.
4.1 Large ion lithophile elements (LILE)
Na and Ca are included in the channels of the beryl structure except for Li which substitutes Be in the tetrahedral position. Cs content varies from 121 to 315 ppm with an average of 209 ppm. Moreover, Cs content increases with crystal growth both in the prism growth zone (points 1–8 – from 161 to 281 ppm) and the pinacoid growth zone (points 9–16 – from 121 to 315 ppm). Na content varies from 6,591 to 8,879 ppm with an average of 7,756 ppm. In the prism growth zone, Na content increases monotonically from 6,591 to 8,666 ppm, while in the pinacoid growth zone, it has a more complex distribution – decreasing from point 10 to point 13 (8,879 to 6,979 ppm) and then increasing to 8,134 ppm by point 16. The Rb distribution generally mirrors the Na distribution. In the prism growth zone, Rb content increases from 78.1 to 112 ppm, while in the pinacoid growth zone it decreases from point 10 to point 13 (90.3–78.1 ppm) before increasing to 102 ppm by point 16. Ca content, except at point 9 as outlier, ranges relatively narrowly from 45.1 to 179 ppm, with an average of 114 ppm. Both profiles belonging to the prism and the pinacoid growth zones show a decreasing Ca content towards the crystal edge. K content varies from 511 to 910 ppm, averaging 671 ppm. In the prism growth zone, K content increases from 562 to 863 ppm, while in the pinacoid growth zone, it decreases from 828 to 511 ppm. Li content is high, ranging from 2,746 to 3,408 ppm, averaging 3,121 ppm, with no systematic zonality observed in its distribution. Sr content is generally low, usually not exceeding 1.5 ppm.
4.2 Volatiles
In addition to LILE, the channels in the crystal structure of beryl may include H2O molecules, as well as Cl, F, and B. H2O content varies from 20,973 to 35,069 ppm, with an average of 28,016 ppm. In the profile corresponding to the prism growth zone, H2O content decreases from 31,558 to 22,299 ppm. In the pinacoid growth zone, no systematic zonation in the H2O distribution is observed. Cl content varies from 5,345 to 6,857 ppm, with an average of 6,132 ppm. In the prism growth zone, Cl content increases from 5,860 to 6,632 ppm; in the pinacoid growth zone, the Cl distribution has a more complex character from point 9 to point 13 it decreases from 6,857 to 5,345 ppm, and then by point 16, it increases to 6,757 ppm. F content ranges from 76.0 to 172 ppm at points 1–3 and does not exceed 21 ppm at the remaining points. B content is low, and, except for point 9, does not exceed 0.4 ppm.
4.3 Transition metals
Which include Fe, substitute Al in the octahedral position. Fe content varies from 920 to 1,248 ppm with an average of 1,108 ppm. Fe content increases from 920 to 1,228 ppm in the prism growth zone and decreases from 1,248 to 981 ppm in the pinacoid growth zone. The behavior of Mg differs: as the prism grows, its content increases insignificantly from 450 to 558 ppm. In the pinacoid growth zone, the drop in Mg content is much more noticeable – from 768 to 440 ppm. In the distribution of Mn, zonality is not fixed: its content mainly ranges from 70 to 90 ppm. Cr content varies from 13.0 to 51.1 ppm with an average of 35.7 ppm. In the prism growth zone, there is a downward trend in Cr content as the crystal grows, from 42.6 to 16.6 ppm. The pinacoid growth zone does not show such a trend. Ti content varies from 7.91 to 23.7 ppm, with an average of 13.1 ppm. Ti content increases with crystal growth in the prism growth zone from 9.83 to 23.7 ppm, while in the pinacoid growth zone, on the contrary, it decreases from 23.6 to 7.91 ppm. Ni content varies from 56.3 to 249 ppm, with an average of 165 ppm, demonstrating zonation. Sc content contrasts with simple crystallographic shape. In the prism growth zone, Sc content increases smoothly with crystal growth from 2.96 to 9.38 ppm, with the exception of point 5 – a probable outline. In the pinacoid growth zone, zonality is absent and Sc content is at a low level from 1.32 to 3.01 ppm. The content of Co and V does not demonstrate zonality and does not exceed 2.5 ppm. The content of Ga varies from 4.10 to 9.68 ppm and averages 5.33 ppm. At the same time, in the prism growth zone Ga content increases during crystal growth from 4.10 to 7.52 ppm (excluding point 5). In the pinacoid growth zone, Ga content is in a narrow range of 4.23–5.08 ppm, and zonality is not observed.
5 CONCLUSION
The study of the distribution of minor and trace elements in colorless beryl (goshenite) from LCT-pegmatites of the Pashki deposit (Nuristan province, Afghanistan) allowed us to establish:
(1) Li content in goshenite averages over 3,000 ppm, which is significantly higher than in other pegmatites (e.g., less than 1,239 ppm for goshenite from Pakistan; Hu and Lu, 2020). Li content greater than 3,000 ppm in beryls (goshenites) can be used for prospecting of LCT-pegmatites in the region.
(2) Cs, Na, and Rb content increases as beryl grows from the centre to the crystal edge, which is consistent with the general trend of geochemical evolution of pegmatite melt (Černý et al., 2003; Sardi and Heimann, 2014; Bačík et al., 2021).
(3) Sector zoning is established in the goshenite crystal. In the process of crystal growth (from centre to edge), Fe, Mg, Sc, Ti, Ga and K accumulate in the prism growth zone. In the pinacoid growth zone, on the contrary, the content of these elements either decreases from the centre to the edge of the crystal (Fe, Mg, Ti and K) or remains unchanged at a low level (Sc and Ga). Sector zoning of trace elements in beryls is a relatively rare phenomenon and probably testifies to difference in the mechanisms of growth of faces of different simple forms (Scandale and Lucchesi, 2000).
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