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Abstract

The article presents the first data on the rare element contents in the compositions of spodumene from pegmatites of
the Laghman granitoid complex in Eastern Afghanistan, the Kolatan, Digal, Gulsalak, and Tsamgal deposits. The analyses
were performed by SIMS method. The paragenetic features of spodumene were determined. It is present in spodumene-
microcline-albite, spodumene-albite, and spodumene-lepidolite-cleavelandite pegmatites in amounts of 10-35 %.
The crystals range in size from a few mm to 1.5-2 m, sometimes to 3 m long. The crystals are prismatic, tabular-shaped,
and rectangular. The contents of minor and rare elements in spodumene vary significantly from the centre to the edge
of the crystals. The increase in the contents of Li (36,571-51,040), Na (378-1542), Mn (103-2877), Ga (24.4-90.1),
Sn (5.52-382), Ti (1.3-79.5), Zn (0.37-38.4) ppm is accompanied by a decrease in the concentrations of K (3.86-147),
Ca (1.39-105), Mg (0.26-276), B (1.69-57.3), Cr (2.75-15.1), Cu (0.65-11.6), Cs (0.0-8.75), Be (0.03-9.54), Ta (0.03-2.09),
Sr (0.03-3.09), V (0.07-3.11), Rb (0.02-1.56), Ba (0.03-3.17), Zr (0.01-1.6) ppm. The amount of Fe decreases from the
centre to the edge, and Mn and Sn increase from the centre to the edge in all crystals. In the pinkish-violet zone of the
crystal, Mn content is significantly higher than Cr and Fe. A positive correlation is observed between Li and Na, Mn,
Fe, Ga, Sn, B, Cr, Ti, Be and a negative correlation with K, Cs, Ta, and Nb. Spodumene from the Dara-e-Pech deposit
contains more gallium than from the Kolatan and Tsamgal deposits, which is of practical importance. Sharp boundaries
between growth zones indicate a diffusion rate that was less than the rate of crystal growth that occurred in conditions
of pegmatite melt crystallization. As a result of the exchange with the residual melt, insignificant post-crystallization
diffusion and restoration of equilibrium between the crystal and the environment took place.
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Introduction

Spodumene LiAlSi2Oe¢ is the main lithium mineral, which is usually associated with quartz,
albite, microcline, mica, beryl, and minor accessory minerals in granitic pegmatites. It typically con-
tains 64.5 % SiO., 27.4 % Al>03, and 8.4 % Li20 in average composition [1, 2] and is used as a source
of high-purity lithium. The demand for lithium in modern industry is increasing due to its special
physical and chemical properties. 43-65 % of mined lithium is used in batteries for electric vehi-
cles [3-5] participating in “green tech” [6-8], 28 % of lithium is used in the production of ceramics
and special glass [9-11], 7 % is used for high-temperature lubricants [12], polymers [4], foundry
flux [5], aluminium alloys [13], and pharmaceuticals [3].

Spodumene has three main modifications — a, B, and y. They differ from each other in their
crystal structure and stability to external influences. The stable low-temperature variety is
a-spodumene. It crystallizes in the monoclinic crystal system [14, 15]; B-spodumene has a tetragonal
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crystal lattice, is a product of recrystallization upon heating of a-spodumene to t = 900-1100 °C;
y-spodumene crystallizes in the hexagonal crystal system, is unstable under natural conditions. It is
formed during transformation of a-spodumene into B-spodumene upon heating of a-spodumene to
t=700-900 °C [1, 16, 17]. In Afghan pegmatites, a-spodumene (ore-forming) is widespread. It in-
cludes gem-quality varieties of kunzite, hiddenite, and triphane. Gem-quality spodumenes are found
in the eastern part of the country, in the provinces of Nuristan, Laghman, Kunar, and Nangarhar.

The study area is considered one of the largest rare-metal metallogenic provinces in the
world [18-20]. In 1977, L.N.Rossovsky and V.M.Chmyrev discovered twenty-four deposits of rare-
metal pegmatites here [18]. Twenty-one were in the provinces of Nuristan, Kunar, Laghman,
Nangarhar, and Badakhshan and three were in Central Afghanistan [20, 21].

The article presents the results of SIMS determination of minor and rare element contents in
fourteen spodumene crystals from the Kolatan, Digal, Gulsalak, and Tsamgal deposits in Eastern
Afghanistan. The aim of the study is to find patterns of changes in the composition of crystals in
different growth zones depending on the crystallization conditions during pegmatite formation.

The colour of spodumene depends on the impurities of minor and rare elements [22, 23]. The
study of these elements in spodumene enables to determine their distribution patterns in the mineral
structure and to answer long-standing fundamental questions about the causes and features of crystal
zoning in granite pegmatites in connection with the transition from the magmatic stage to the hydro-
thermal stage [24-26]. A change in the physical and chemical conditions of crystal growth can con-
tribute to the formation of varieties of the studied mineral that differ in crystallographic parameters,
the growth of microstructural deformation zones, as occurs at the contact between quartz of the
hexagonal and trigonal crystal systems.

Detailed SIMS studies of the microelement composition of spodumene from Afghanistan were
conducted for the first time. In most publications on the compositions of spodumene from different
regions of the world, the mineral was studied using various methods [27-29], such as spectral or
cathodoluminescence microscopy, SEM, EMPA, LA-ICP-MS, but none of the studies used a very
accurate method — SIMS. Thus, this work represents the first results of determining rare elements in
spodumenes from rare-metal pegmatites of the Laghman granitoid complex using the SIMS method.
The obtained data are planned to be used to identify geochemical relationships between the compo-
sitions of the mineral and the host pegmatites.

The advantage of SIMS analysis is its high accuracy — one milligram per ton, unlike others,
where the accuracy does not exceed one gram per ton. For spodumene, this is important when deter-
mining the content of microcomponents and lithium, as the main element in the crystal growth zones.
Thanks to SIMS, information on the impurity composition and zoning of spodumene from deposits
in Eastern Afghanistan was obtained for the first time.

Geological characteristics and field studies of pegmatites

The Nuristan tectonic zone is in Eastern Afghanistan. It is ore controlling for the country’s rare-
metal pegmatites. It extends along the Hindu Kush — Pamir mountain ranges within the Nuristan
mountain system. The tectonic zone is oriented in the near-N-S and N-E directions. It is 400 km long,
and its maximum width in the southwest is 130 km. The tectonic zone passes through the outcrops of
the ancient Precambrian basement [19, 20], and partially through a complex of the Paleozoic-Meso-
zoic deposits. The Precambrian basement complex is represented by gneisses, marbles, amphibolites,
quartzites, crystalline schists, and amphibolite facies [30]. The dislocated sedimentary cover is com-
posed of the Carboniferous-Permian marbleized limestones, quartzites, and mica schists [31]. The
Triassic strata are represented by quartz-mica, garnet-staurolite, and dark grey phyllitic schists with
a small amount of limestones and quartzites [21].

46
This is an open access article under the CC BY 4.0 license



a

60°0'0"E 63°0'0°E  66°0'0"E

Journal of Mining Institute. 2025. VVol. 274. P. 45-62 Bl

© Aleksandr N. Evdokimov, Ataullah Yosufzai, 2025 '**i-t.r

Large faults have mainly a north-eastern strike (Fig.1). Steeply dipping deep Panjshir faults in
the northwest, Kunar in the southeast, Sarobi in the southwest limit the Nuristan zone on three sides.
The strike of the first two faults is N-E, the strike of the third is near-N-S.
In the Nuristan zone, intrusions of the Mesozoic-Cenozoic tectono-magmatic stages of magma-
tism are very widely developed. Early Cretaceous gabbro-monzonite-diorite rocks (Nilaw complex)
and Oligocene granitoid batholiths (Laghman complex) are distinguished.
Oligocene granitoids of the Laghman complex are very widely developed in the Nuristan zone.
They form several large and many small massifs developed among the metamorphic strata of the
Nuristan series and Upper Triassic schists (Fig.1).
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Fig.1. Placement of rare-metal pegmatites of the Laghman granitoid complex: a — location of the pegmatite belt of the

4 — gneisses, schists, quartzites, amphibolites; 5 — marbles, gneisses, amphibolites, quartzites; 6 — gneisses, quartzites, amphibolites; magmatic
formations, Laghman Oligocene complex: 7 — Alingar Pluton, granites-111; 8 — small massifs, lens-shaped and stock-like bodies, granites-Iil;
9 — granodiorite and granosyenites-I1; 10 — diorites and plagiogranites-1; 11 — Nilaw complex, gabbro, monzonites, granodiorites and diorites;

Nuristan zone in Afghanistan (with a satellite image, where the research area and deposits are indicated by a rectangle);

b — geological map of the central part of the pegmatite belt, compiled based on materials [19, 20, 31]

1 —alluvium, gravels, sands, and clays; 2 — phyllitic schists, siltstones and sandstones; 3 — sandstones, andesites, basalts;

71°20'0"E

35°20'0" N
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12 — Panjshir complex, granite gneisses; 13 — major faults (a), separating the Nuristan zone from other zones, and minor faults (b); 14 — pegmatite
deposits: 1 — Kolatan, 2 — Dara-e-Pech: Digal (a), Gulsalak (b), 3 — Tsamgal, 4 — Alishang, 5 — Kurgal, 6 — Mavi, 7 — Nilaw-Kolam, 8 — Mandul,
9 — Charbagh, 10 — Darai Nur, 11 — Chaukai, 12 — Badel, 13 — Durahi; 14 — Avargal, 15 — Varadesh, 16 — Shamakat, 17 — Garangal,
18 — Nangalam, 19 — Manugai, 20 — Vaigal, 21 — Devaz, 22 — Shigal, 23 — Mared, 24 — Boni, 25 — VVama; 26 — Inshahar; 27 — Pashki,
28 — Drumgal; 29 — Kantiva; 30 — Yarigal; 31 — Pasgushta; 32 — Jamanak; 33 — Pramgal, 34 — Wazgal, 35 — Pachigram, 36 — Papruk,

37 — Kamdesh; 15 — sample collection site

1 Cocker M.D. Summary for the Mineral Information Package for the Nuristan Rare-Metal Pegmatite Area of Interest. Summaries
of Important Areas for Mineral Investment and Production Opportunities of Nonfuel Minerals in Afghanistan: Open-File Report
2011 —1204. U.S. Department of the Interior, U.S. Geological Survey, 2011, p. 1630-1653.
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The shape of the Laghman complex intrusions is predominantly oval and elongated in the
north-eastern direction, less often close to isometric. The long axes of the massifs are parallel to each
other and oriented conformable to the strike of the main structures in the region. The largest of the
intrusions is the Alingar Pluton traced over a distance of about 400 km.

The Laghman complex massifs are three-phase [18, 19]. The first phase is represented by diorites
and quartz diorites, the second by porphyritic granites and granodiorites, the third by biotite, two-
mica and aplite granites. The Laghman complex is notable for numerous rare-metal pegmatite veins,
spatially associated with granitoids of the third phase [18-20]. Rare-metal pegmatites form pegmatite
fields, which are grouped into large belts. The Nuristan and Hindu Kush pegmatite belts are associated
with the Alingar batholith [32].

Rare-metal pegmatite veins occur in the roof rocks of the granite massifs of the Laghman com-
plex [33, 34], in the exocontact area, not in the granites themselves, but in the Late Triassic black
schist strata: in quartz-chlorite-muscovite and phyllitic quartz-biotite-garnet-staurolite schists of the
amphibolite facies. Fragmentarily hosting are the Early Cretaceous massifs of gabbro-diorites and
quartz diorites of the Nilaw complex comprising two pegmatite fields — Dara-e-Pech and Nilaw-Ku-
lam. A small number of veins are in the diorite and granodiorite massifs of the first phase of the
Laghman complex. Pegmatites are rare in the Late Proterozoic dark grey sillimanite-garnet-biotite
gneisses. However, the largest and most intensely mineralized bodies are localized in the Late Triassic
phyllitic schists [21, 35].

Based on the composition of the main rock-forming and typomorphic minerals, pegmatites of
the region are divided into the following main types [19, 20, 32]:

* oligoclase-microcline with biotite, muscovite, schorl, and rare beryl (barren);

* schorl-muscovite-microcline with ore-forming beryl,

» weakly albitized microcline with coarse-crystalline beryl,

+ albite pegmatites with spodumene, polychrome tourmaline, kunzite, pollucite, and tantalite-
columbite;

* spodumene-microcline-albite and spodumene-albite with polychrome tourmaline, kunzite, and
pollucite;

« spodumene-lepidolite-cleavelandite with cassiterite, pollucite, tantalite-columbite, and gem-
stones.

Rare-metal pegmatites in the Nuristan tectonic zone are distributed within three hypsometric
levels:

« absolute height of 1200-2000 m — deposits of Shamakat, Kolatan, Kalagush, Nangalam, Tatang
and others;

* absolute height of 2000-3400 m — deposits of Dara-e-Pech (Digal and Gulsalak), Tsamgal,
Nilaw and others;

* absolute height of 3400-4500 m — deposits of Drumgal, Jamanak, Tsamgal, Pashki, Pasghushta,
Yarigal in the Parun pegmatite field [33, 34].

Within the same pegmatite fields, individual pegmatite veins occur at different hypsometric
levels.

To determine the differences in the compositions of lithium minerals from pegmatites of various
hypsometric levels, the authors analysed spodumenes from three pegmatite deposits: Kolatan, Dara-
e-Pech (Digal and Gulsalak), and Tsamgal in Eastern Afghanistan (Fig.1).

Of all the rare metal minerals, spodumene is the most widespread in the pegmatite belt of Eastern
Afghanistan. It forms a large number of varieties, is found in different types of pegmatites and in
various mineral associations — spodumene-microcline-albite, spodumene-albite, and spodumene-
lepidolite-cleavelandite.

The Kolatan deposit is in the lower part of the Titin River valley, the left tributary of the Alingar
River, 8 km northeast of Nangarach. The coordinates of the sampling points from the Kolatan deposit
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are 34°59'8" N 70°25'37" E. The topography is rocky, with absolute elevations above sea level ranging
from 1251 to 1600 m. Oligocene granites of the Laghman complex, with which pegmatite veins are
associated, are widespread. They occupy about 70 % of the area. The host rocks of the pegmatite
veins, dark grey thin-layered quartz-chlorite-biotite-muscovite schists with garnet and staurolite,
veins of rare-metal pegmatites are confined to a system of northeast and near-E-W striking
fractures.

The Digal and Gulsalak deposits are in the central part of the Dara-e-Pech field, 40 km west of
Asadabad, Kunar Province. Mesozoic-Cenozoic intrusions are widespread, with which spodumene
veins are associated. Intrusive rocks occupy about 50 % of the area, with the Early Cretaceous gabbro-
monzonite-diorites of the Nilaw complex and the Oligocene granites of the Laghman complex being
prominent. The Nilaw complex intrusive rocks host pegmatite veins. Plagioclase-microcline veins
are at the closest distance or in contact with the parent rock. Albitized microcline pegmatites with
coarse-crystalline beryl are hypsometrically above them. The spodumene pegmatite veins occupy the
highest hypsometric position within the field compared to pegmatites of other types. The pegmatite
vein is tabular. The veins have massive and zoned internal structure. The topography in the region is
rocky, absolute heights fluctuate from 1500 to 2400 m.

The Tsamgal deposit is in the area of the eastern exocontact of the Alingar granite massif, in the
central part of Nuristan Province, 15 km north of the town of Parun. The field area topography is
strongly dissected, of the Alpine type, absolute heights fluctuate from 2600 to 4400 m. The Tsamgal
deposit is a tabular spodumene vein, exposed by erosion downdip to a depth exceeding 500 m.
Spodumene-microcline-albite pegmatite makes up the lower part of the vein. Higher in hypsometric
level is the richer in lithium spodumene-albite deposit Pasghushta.

Internal structure and vertical zoning of spodumene pegmatites. Spodumene crystals have long
prismatic shapes, often are perpendicular to the contacts of pegmatite veins, are sometimes replaced
by cymatolite, and are rarely found in quartz-spodumene pseudomorphs after petalite.

The pegmatite bodies in the region form two groups by the nature and parameters of the vein
bodies occurrence:

« steeply dipping veins, occurring mainly among phyllitic schists, having a symmetrical zoned
structure, with relatively fine-crystalline minerals in the marginal zone, gradually replaced in the core
by medium-grained and coarse-grained ones. The average lithium content in spodumene in the central
part of the crystal is significantly higher (42,146 g/t) than in the marginal zones (39,640 g/t) (Fig.2, c).
Such veins are rarely found among the intrusive rocks of the Nilaw complex gabbro-diorites;

« gently dipping veins, with an asymmetrical zoned structure, relatively fine-crystalline in the
footwall, in the hanging wall they gradually become coarse-grained.

The average lithium content increases from the footwall (39,474 g/t) to the hanging wall
(46,410 g/t) (Fig.2, b). The bulk of gently pitching pegmatites is among the Nilaw complex gabbro-
diorites. The Dara-e-Pech and Nilaw-Kulam gem deposits are known here. The second variety of
pegmatites is rarely found in gneisses and very rarely in schists.

One of the studied spodumene veins was exposed by erosion along the strike to 500 m. It is
composed of 37 % albite, 34 % quartz, 15 % microcline, and 12 % spodumene. Muscovite, tourma-
line, garnet, beryl, tantalite-columbite, cassiterite, and pollucite are also found (1-5 %). The average
size of long prismatic spodumene crystals varies from 5 to 30 cm in length. The crystal colour is
varied: white, dirty grey, white-pink, purple, and polychrome.

Coarse-grained whitish-pink spodumene is found in the blocky microcline-quartz core, and white
spodumene is found mainly in the hanging wall, in muscovite-cleavelandite aggregates. Around the
mica nests, a concentration of small columbite-tantalite plates is observed. In such veins, spodumene
is oriented mostly near-perpendicular to the vein selvages, but in general its orientation is not strict
(Fig.2, a).
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Fig.2. Internal structure and textural-paragenetic types of spodumene-microcline-albite pegmatite veins (a) with white and pink
spodumene, kunzite, lepidolite, and polychromatic tourmaline from the Digal deposit in the Dara-e-Pech field (Eastern Afghanistan)
and diagrams showing the distribution of average lithium content in spodumene from a gently dipping pegmatite vein (b)
(zone numbers correspond to numbers in the cross-section); steeply dipping asymmetrical pegmatite vein of the Kolatan deposit (c):
I — edge of the aplite zone; Il — center of the blocky zone; 111 — quartz core; IV — edge of the graphic zone; veins occurring
at different hypsometric levels as the distance from the granite massif increases, Tsamgal deposit (d)

1 — biotite-amphibole diorites, quartz diorites and gabbrodiorites, host rocks of the Nilaw-Kulam complex; 2 — zone of altered diorite; 3 — aplite zone;
4 — zone of medium-grained, sugary, and fine-platy albite with quartz, muscovite, schorl, cassiterite, tantalite-columbite, beryl, amblygonite,
apatite and garnet; 5 — zone of coarse-grained muscovite-quartz-albite pegmatite; 6 — cavities and druses with lepidolite, rock crystal, kunzite, elbaite,
green and polychrome tourmaline; 7 — crystals of blocky microcline; 8 — blocky quartz; 9 — schorl; 10 — elbaite, green and polychrome tourmaline;
11 — cleavelandite; 12 — lepidolite; 13 — white and grayish-white spodumene; 14 — large white-pink spodumene crystals intergrown
with green tourmaline; 15 — gem-quality spodumene (kunzite) (a), garnet (b); 16 — beryl (a), apatite (b)

The content of the element commercially significant for the pegmatites of Eastern Afghanistan,
lithium, in spodumene is distributed unevenly, differentiation is observed in gently dipping veins in
the hanging and foot selvages (Fig.2, b) — the minimum lithium concentration is in the foot flank of
the vein and the maximum content is in the hanging wall. Such distribution of the ore component
makes it possible to selectively lithium-rich spodumene ore mining from the upper horizons of gently
dipping pegmatites.

Research methods and materials

Four spodumene crystals (Sp1, Sp2, Sp3 and Sp4) from the Kolatan deposit were analysed; six
crystals (Sp6, Sp7, Sp8, Sp10, Spl11 and Sp12) from the Digal and Gulsalak deposits; four crystals
(Sp5, Sp13, Spl4 and Spl5) from the Tsamgal deposit. The Table and Fig.3, 4 clearly show the
zoned distribution of minor and rare element contents.

50

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



Institute. 2025. Vol. 274. P. 45-62 [Elp.E2ME

ining

Journal of Mi

© Aleksandr N. Evdokimov, Ataullah Yosufzai, 2025

"UOISNJOUI0JOIW YIIM [RISAID B Ul JUSIU0D BD SB10U XSIISISe ay) ‘J1Wi| UOII31ap MOjag — '|'P'q {|eIsAId 8yl Jo Lied [ea1udd — g {|e1sAId ay) Jo Lied Jeulfiew — T :$910N

51

60°0 | OT'0 | €00 | 02'0 | T8% | 9€'9 | 90'T | 85°0 | 200 | 250 | 960 | 00'T | 06'9 | L0V | 20'G | €9°€ | ¢v'T | ¢T'T | 2¥'T | ¥C'T | 610 | €€°0 | 6¥'C | OV'T | G¥°0 | ¥¥'0 | €2°0 | T¢'0 | U/
0T°'0 | 900 | ¢T0 | €ET0 | Lc'O | 600 | LOO | OT'O | €00 | €00 | 09T | TET | 900 | ¥0'0 | ¢T'0 | TOO | 600 | ¥VT'O | LT'O | GTO | OT'O | €ET°'0 | OT'0 | LOO | TT'O | OT'0 | ¥O'0 | SO0 1z
900 [ €00 | ¥0'0 | 600 | 900 | 60°0 | LO0'O | OT'0O | SO0 | 90°0 | €00 | 80°0 | SO0 | O¥'0 | 60°€ | ¥O'0O | 8T0 | ¢T'0O | £90 | TTO | TT0 | ¥T'0 | 880 | €TI0 | ¥8°0 | STO | 860 | ¢TI0 15
€00 [ TOO | 00 | 0C0 | ¥0'0O | 00 | 090 | ¥0'0O | €00 | €00 | ¢0O0 | €00 | Oc'0 | LOO | ¢T'0O | €00 | GO0 | 90°0 | ¢00 | ¥O'O | OTO | TT'O | LC'O | ¢S50 | LT'0O | ¥O'0O | OT0 | ¢T0 aN
G0'0 | ¢T0 | T¢0 | 0S50 | 600 | €00 | LOT | TT'O | €T0 | OT0 | ¥9°0 | T¥F'O | 60°C | ¢T°0 | 060 | €0°0 | GT'0 | OT'O | TEO | TTO | €EV'0 | 9¥°0 | /80 | OC'T | ¥T'0 | SO0 | 8¥'0 | 980 el
G0'0 | L00 | 900 | TT'0 | SO0 | €00 | LOO | ET0O | YOO | €00 | TT'O | €T'0 | SO0 | €90 | LT'€ | 800 | LT'0O | €00 | 98°0 | 0C'0 | L00 | 9¢°0 | €9°0 | ¢T°0 | 050 | 0C'0 | 99°0 | €C0 ed
900 {800 | 800 | OT0 | ¢€0 | ¥E€0 | LTO | TT°0 | 00 | SO0 | G¥'0 | 9€°0 | 50 | G9°0 | 99'T | ¥T°'0 | 8T0 | LT'0 | 9¥'0 | ¢C'0 | LOO | 80°0 | TE'0 | ST'0 | 890 | ¥T'0 | S€0 | 0C0 ad
€T0 [ 0T0 | 600 | GTO | L¥O | €ETO | ¥TO | ¥T'O | LOO | LOO | ¥L¢ | TT'E | TTO | €C0 | €50 | ¥T°'0 | 8T'0 | 8T'0 | TEO | €T0 | GL'0 | /80 | LE'0O | 9¢°0 | 86°0 | €8°0 | 8€'0 | 9¢0 A
6v'0 [ 090 | €0C | 96'T | ¢L'T | €50 | €20 | O¥'0 | €E°0 | €00 | G9°E€ | ET'C | ¢€T | 68T | ¥L'0 | ET0 | TET | ¢8T | 98°C | V'€ | 6V'0 | OT'C | ¥56 | 190 | €9T | /8T | ¥9°0 | 190 od
G00 | SC0 | ¢L0 |v¥C | €00 | YO0 | ¥ET | 920 [ I'PQ | I'PQ | OTO |9TO | ¢9T |G.8 |.LS€ |I'PQ|STO | .00 |8FT | 020|600 |€EET|680|8E0|VSE |60 |LEC|6LC D
T€T [ 990 | ¢¢'T | T0€ | 9LV | O¢'v | 65°¢ | OT'€ | ¥6'0 | 6EC | 86'E€ | Y€V | 889 |09TT | ¥0'6 | ¥C'€ | 8¢V | 6L°€ | LGV | 8T'€ | ¥O'C | €8'C | 889 | 8G¢C | 09V | ¢S'T | ST'G | GL°0 no
¢S50 | €TV | 09V | 66V | 9°0C | €66 | 8C'S | ¥6'6 | LEO | T80 | ¥'8C | ¥'€E | LT'C | T¥'6 | LT'S|60€ | 90T | C€T | L'TT | L'ST | €ET'T | GT'L | LEB | ¢8T | 6€'6 | L09 | EV'S | 99T uz
1€0 | ¥#'0 | 990 | SC'T | 8¢’V | G0'S | 0L'0 | 860 | 68°0 | 9¢°0 | 89'C | /8¢ | S90 | ¢'96 | 9/¢ | 6¢'0 | S6'C | 08°0 | 9ET | €6V | BL'T | 8€'€ | 68 | O0C'T | 9€T | 0S¢ | GST | €T'T b
L0C |0C'C | €8°L|69L|0¥E | T8 | LGE€ | 909 | 69T | 0ET | G6L | C€9 |8ES | vL'L|CTT |88 | 8L |T6L|TOT|v08 | LCC|V¥8y |56 |cy9 | TLT|6ST | v0T | SC6 L
¢G5S | €6 | ¢€G | cv8 |8L6 | VS8 | TC¢l | TTT |TST|€¢l| 0€ | L9G | TTv |16 |8VS |6TC|OvYy |8YY |<C9G | V.G | LS9 | VeS| GC9|GL¢C|899 |cCe|€8¢C| 9§ 10
S¢T |LvT | €9¢ | ¥'SE | 60€ | O€C | ¢'8T | SOT | 0L |¢LT |68€ |8T€E |€0C|€8T |29 |69T 9.9 |€0T |8TC|9¢T |9¥6 |TOT|€L5|80G|TG9 |66L|966 |69L g
Sv¥E |00V | T8E | €LE | 9¢9 | ¢¢T | ¢0T | €0C | L'TT | ¢T'9 | 0L¢ | €¢C | ¢'LT | ¢'0E€ | §T¢ | ¢SS | T'S9 | ¢'9L | 19¢ | G¢€ | 08'L | LOT | ¥v'GC | ¢'T¢ | 8'6E | v’y | 90T | C'€T us
0C€ |9TG | 6T | ¥C'9 | G6°L | 68'G | 96V | 0S'G | 6'VT | ¢8'€ | 8€€ | GL'9 | 66°€ | T'LC | «8GC | T8C | 8V | €6V | G¥8 | 0E'G | 9¥'6 | 9'6¢ | SOT | €6°L | ¥'08 | G99 | SOT | ¥'TT €D
TES |TLly | 8VE | 96E | €9V | ¢VS | ¥'LE | 9VE | €0S | 8LE | 006 | €8L | V€L | GGL | ¢LL | 8¢L | V9| TG8 (098 | VI8 |vve |TTV |8y | ¥y |vey |66V | ELE|O0G L)
¢9'G | GL'8 | 9€Y | Tev | ¥9'6 | TL'G | G566 | OTT | OT'L | 669 | 98°C | 09'S | L'8C | 6'€8 | L¥T | ¢¢'¥ | 96T | G¢'S | ¢¢9 | TT'9 | 8¥T | §'LL | ¥'66 | €56 | VET | ¥'€T | 00T | ¥'E€¥ A
L'0S | €19 | 886 | 199 | €Ll |CIve | 6€C | ¢L¢ | 8Y'V |€L'€S| ¢9LC | GTvC | G¢6C | 61¢E | 8V6 | ¢OCT | €ECT | €EEVT | T96 | 8V6 | 8'6L | 64¢ | T8 | L0S | ¥w¥ | ¢Lv | ¢ST | ¥ET od
885 | ¥99 | 98¢ | 61 | 8G€ | 6/E | 9¢¢ | 89v | ¥EC | €OT | L/8¢ | LTve | vev | 06L | 68T | TEE | 0.8 | 8LeT | 619 | L9L | L2v | ¥€8 | 6€ | €9€ | 086 | TLOT | 0S9 | ¥E9 UN
8¢8 | 696 | SG¥6 | 6¢L | ¥¢€T | ¥8TT | ¢9L | ¥88 | LOL | 8LE | 18T | SOCT | ¥¢8 | LS8 | 0S¥ | 65S | ¢¥8 | 8¢ET | ¢80T | ¢vST | 968 | ¥EOT | 90L | 6€9 | L6 | G586 | ¢16 | 0S6 EN
G0E'LEGE6'TY|SSS VY|P TS OY|YST SY|660'87|S06 '2H{T2T EV|TLG 9E|CE Y EV|TS8 EV|iSL OV |Y6E TY|S6G TY|0CH'8€|62S 0F|¥80'2H|LSS"LY|6LL TH|0V0 TS[TEE 07[C96 E|LL2 0V|E00 6E[TTC TF|E90'2H|LTO T |TH6 8E| 1
T 4 T 4 4 T 4 4 T 4 1 4 1 4 4 T [4 T [4 T 4 T [4 I [4 T I [4
0g-5Tds z-STS [82-y1ds|L2-+1ds|9z-€TdS|S2-e1dS| 01-90S | 6-50S |v2-21ds|e2-2Tds| 2e- 11| T2-T1dS |02-0TdS| 61-0TS| 9T-8dS | 5T-80S | p1-20S | €1-2dS | 2T-9d5 | T1-9dS | 8-vdS | L-vdS | 9-€dS | G-€dS | y-eds | €-2dS | 2-10S | T-TdS | 35195
lebwes | Meresino ‘rebig uelejoy

1/6 ‘xa)dwod proyiue.ah uewybe ayy Jo syisodap syrewbad [eysw-ated [ebwes] pue Mefes|no ‘[ebig ‘Uele|o syl Wod) auswnpods 40 uoilIsodwod JUsWd aiey

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



E,:£5E  Journal of Mining Institute. 2025. Vol. 274. P. 45-62

Fig.3. Macrophotographs (a) and microphotographs in reflected light (b) of spodumene samples from the Kolatan,
Dara-e-Pech, and Tsamgal deposits, indicating the locations of analytical points

« 1mm Spd : 0.2 mm

Fig.4. Structural-textural features and zonation of spodumene from the Kolatan (b, ¢, f, j), Dara-e-Pech (a, c, i, k)
and Tsamgal (d, g, h) deposits shown in macrophotographs (a-h) and microphotographs (i-k). The color gradually changes
from the crystal center (ZI) to the edge (ZI1): polychromatic (from white to violet) with glassy luster (a, b);
pinkish-violet with vertical striations (c); colorless with vertical striations (d); light-gray (e); white (f); dirty grayish-green (g);
pinkish-white prismatic spodumene crystals in transmitted (i) and reflected light (j, k)
Ab — albite; Clv — cleavelandite; Cst — cassiterite; EIb — elbite; Mc — microcline; Qz — quartz; Spd — spodumene;
Ta-Nb —tantaline-columbite; Lpd — lepidolite
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Spodumene crystal structure was investigated by Leica DM 2500M in transmitted and reflected
light [36-38]. Diagnostics of inclusions in spodumene was performed using Raman spectroscopy with
a Renishaw InVia Raman spectrometer [22, 39] at the Saint Petersburg Mining University.

The contents of rare and trace elements were determined by secondary ion mass spectrometry
(SIMS) using a Cameca IMS-4f ion probe at the Yaroslavl branch of the Valiev Institute of Physics
and Technology of the RAS. Survey conditions: primary beam of 160, ions with a diameter of
approximately 20 um; ion current 5-7 nA; accelerating voltage of the primary beam 15 keV. Each
measurement consisted of three cycles, which made it possible to estimate the individual measure-
ment error. The total analysis time for one point averaged 30-40 min. The measurement error of rare
elements is up to 10 % for concentrations above 1 ppm and up to 20 % for the concentration range
of 0.1-1 ppm; the detection threshold for different elements varies within 5-10 ppb. The method for
measuring the content of minor and rare elements is described in detail in [40-42]. When making the
preparation, spodumene crystals were cut perpendicular to the {001} prism faces and pinacoid faces,
parallel to the {100} and {010} axes. The objectives of the investigation included studying the growth
zoning and sectorial structure of spodumene from the centre towards the edge of the crystal in a plane
parallel to the basopinacoid. Spodumene crystal fragments were placed in standard disks together
with olivine grains, which was necessary for assessing the background when analysing the content
of volatile components.

Results

Based on geochemical, macro- and microscopic studies, considering the morphological features
of minerals and their confinement to certain mineral associations, three varieties of spodumene were
identified in the study area: opaque spodumene of early and late generations, the main commercial
mineral of lithium ores in spodumene-microcline-albite and spodumene-albite pegmatites, ore-forming;
finely crystalline acicular spodumene, the main rock-forming mineral of aphanitic dikes; transparent
spodumene of gem-quality in miarolitic cavities of the quartz core in spodumene-microcline-albite
and spodumene-lepidolite-cleavelandite pegmatites.

The size of opaque spodumene crystals of the first variety varies from 5 to 25 cm in length. The
largest crystals in the central parts of block pegmatites reach 1-1.5 m, sometimes to 2 m in length.
The crystals are prismatic, tabular-shaped, lamellar, short-columnar. Crystal heads are often found.
The largest tabular-shaped crystal measuring 10x30x150 ¢cm was found in the Kolatan deposit.
Quartz-spodumene pseudomorphoses after petalite are usually observed in paragenesis with micro-
cline and fine-lamellar albite in associations where, in addition to them, cleavelandite, muscovite,
coloured tourmaline, minerals of the tantalite-columbite group are present. The crystal colours are
white, pink, purple, grey, dirty green, grey-green. Predominant long-prismatic spodumene is of dirty
green and green colours.

Aggregates of acicular spodumene under the microscope reveal a fibrous, felt-like structure and
in the form of a solid mass replace petalite, early spodumene, pseudomorphs of spodumene and quartz
after petalite and even albite aggregates. Fine-crystalline acicular spodumene was found only by mi-
croscopic studies in thin sections. It has a limited distribution in the valleys of Alingar, Dara-e-Pech,
and Parun, and is widespread in the Alishang valley deposit. The crystal size varies from 0.01 to 0.5
mm, the shape is isometric and elongated, the colour is white with a greenish tint.

In the studied area, gem spodumene is represented by varieties with different properties and
compositions: kunzite — from pink to purple, green hiddenite and triphane — from colourless to yellow,
distinguished by strong pleochroism [14, 43, 44].

Kunzite occurs mainly in veins of albite-spodumene-microcline pegmatites in paragenesis with
lepidolite, blue cleavelandite, rock crystal, vorobyevite, polychrome tourmaline, and sometimes with
pollucite (Fig.4). Crystals are of thin tabular, platy-like, thick tabular, and prismatic shapes. Crystal
heads are common, and most crystals have well-developed vertical striations (Fig.4, ¢, d). Transparent
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and violet kunzite has Ng 1.675, Nm 1.662, Np 1.658, and Ng-Np 0.017, +2V 56°. The crystal size
varies from 3x8x12 mm to 2.5%12x25 c¢m, and larger ones are rare. The colour of gem spodumenes
is varied: colourless, pink- and reddish-violet, crimson, green, bluish- and light bluish-green, yellow
and blue. Sometimes a combination of several colours is observed in one crystal.

Spodumene from the Kolatan deposit. In the Kolatan deposit, spodumene (Sp1, Sp2, Sp3, Sp4)
occurs in spodumene-microcline-albite and spodumene-lepidolite-cleavelandite veins with pollucite,
amblygonite, tantalite-columbite (Ta and Nb minerals), cassiterite, and polychrome tourmaline. It is
widespread in quartz-spodumene zones. Spodumene content in the veins varies from 15 to 30 %.
Spodumene is long-prismatic and tabular, white, greyish-white and white-pink, violet, and poly-
chrome. The crystal length averages from 10-30 to 15-70 cm, sometimes tabular-shaped spodumene
crystals reach 130-150 cm.

The analysis showed that spodumene composition changes sharply — both macro- and microele-
ments (Li, Na, Mn, Ga, Sn, Ti, Zn) increase from the centre to the periphery of the crystals and decrease
from the centre to the edge of the crystals (Fe, K, Ca, B, Cr, Mg, Cu, Cs, Be). The most significant
changes in content are noted for Li (38,941-43,962), Na (639-1034), Mn (329-1071), Fe (79.8-821),
K (9.53-134), Ga (24.4-49.9), Ca (6.65-105), Sn (7.8-106), Mg (1.13-155.4), B (5.08-57.3),
Ti (2.27-48.4) ppm. Lower variations in content have Cr (2.75-6.58), Zn (1.13-9.39), Cu (0.75-6.88),
Cs (0.09-3.54), Be (0.49-9.54), Ta (0.05-1.2), Sr (0.11-0.98) ppm. Concentrations of V, Rb, Ba, Nb, Zr
are less than 0.5 ppm.

Spodumene from the Digal and Gulsalak deposits. Spodumene samples Sp6 and Sp7 were col-
lected from the Gulsalak deposit, the coordinates of the site centre are 34°57'56" N 70°44'16" E.
Spodumene crystals Sp8, Sp10, Spl11, Sp12 were collected from the Digal deposit, the coordinates of
the site centre are 34°57'04" N 70°43'19" E.

Analysis of the distribution of macro- and microelements shows that in spodumene from the
Digal and Gulsalak deposits their contents in the marginal zones and the centre of the crystals are of
a contrasting nature, just like in the Kolatan deposit: the highest fluctuations in contents — an increase
from the centre to the edge of the crystals (Li, Na, Fe, Mn, Ga, Sn, Ti, Zn, Be) and a decrease from
the centre to the edge (K, Ca, B, Cr, Mg, Cu, Cs) — are characteristic of Li (36,571-51,039),
Na (378-1542), Mn (103-2877), Fe (53.7-3219), K (3.86-146), Ga (37.8-90.0), Ca (2.81-257),
Sn (5.52-325), Mg (0.26-275), B (1.69-21.8), Ti (1.3-79.5) ppm. Cr (3.0-15.0), Zn (0.37-38.43),
Cu (0.94-11.6), Cs (0.01-8.75), Be (0.03-3.65), Ta (0.03-2.09), V (0.07-3.11), Sr (0.03-3.09),
Rb (0.02-1.56), Ba (0.03-3.17), Zr (0.011.60) ppm contents change less. Nb content is less than 1 ppm.

The amount of V fluctuates from 0.07 to 0.98 g/t in all spodumenes except Sp11, where it sig-
nificantly increases to 2.73-3.1 g/t. In addition, Zr and Mg content is noticeably higher — Zr 1.3-1.6,
Mg 2417-2876 g/t. In the remaining spodumenes, low contents of Zr 0.01-0.27, Mg 103-1278 g/t
are observed. In the marginal part of sample Sp8, the contents of Sr 0.04, Ba 0.08, Rb 0.14, Mg 0.29,
and K 4.22 g/t are noticeably lower than in the central part of Sp8: Sr 3.09, Ba 3.17, Rb 1.56,
Mg 276, and K 147 g/t. In the remaining samples, the contents of these elements vary in the ranges
Sr 0.03-0.88, Ba 0.03-0.65, Rb 0.02-0.65, Mg 0.16-26, Ca 1.05-1.38, K 3.85-134 g/t.

Spodumene from the Tsamgal deposit. The pegmatite bodies from which the spodumene crystal
samples were collected have the following coordinates: Sp5 — 35°15'31" N 70°55'28.4" E; Sp12,
Sp13, Sp14, Sp15—35°17'25" N 70°59'46" E. Spodumene from the Tsamgal deposit is greenish-grey,
greyish-green, dirty-green. The crystals are long-prismatic. The crystal length varies on average from
5 to 25 cm. Spodumene occurs in paragenesis with microcline in albitized zones of pegmatite veins.
Spodumene content in the vein is 10-30 %. Spodumene crystals are clearly oriented perpendicular to
the vein contacts.

Determination of macro- and microelement compositions of spodumenes at different sampling
points showed a pattern identical to that in similar deposits. The highest fluctuations in contents —
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an increase from the centre to the edge of the crystals (Li, Na, Fe, Mn, Mg, Ga, Ti) and a decrease
from the centre to the edge (K, Ca, B, Cr, Cu, Sn, Zn, Be) — are observed for Li (37,304-48,098),
Na (729-1324), Mn (226-664), Fe (9.88-2412), K (4.36-42.1), Ga (34.5-54.1), Ca (1.39-7.95),
Sn (10.1-381), Mg (0.31-5.05), B (2.30-35.4), Ti (2.07-38.1) ppm. Relatively low variations in con-
tent are observed for Cr (5.32-12.1), Zn (0.52-20.8), Cu (0.65-4.76), Cs (0.03-2.44), Be (0.23-2.03),
Ta (0.03-1.07) ppm. The content of Sr, V, Rb, Ba, Nb, Zr is less than 1 ppm.

Discussion

The correlation diagrams (Fig.5) show the ratios of Li and rare element contents in spodumenes.
Lithium content in spodumene shows a positive correlation with Na, Mn, Fe, Ga, Sn, B, Ti, Zn, Cu,
Be and a negative correlation with K, Cs, Ta, Nb, Cr. Compared with all other elements, sodium has
a strong positive correlation with lithium content in spodumene, while other elements do not have
such a dependence, or it is very weak.
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Fig.5. Correlation diagrams of the relationship between trace and rare element contents and Li in spodumene
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Spodumene crystals in pegmatites of Eastern Afghanistan have different colours, sometimes
clearly zoned. This is due to changes in the amount of impurities in different zones of the crystals.
In the studied spodumene samples collected in the Dara-e-Pech region, the distribution of magnesium
looks contrasting. The amount of Mg in the marginal part is 0.25-4.93 g/t, increasing to 276 g/t in the
crystal centre. In spodumene from the Kolatan deposit, there is no noticeable change from the mar-
ginal parts to the centre: 1.2-155 g/t in the marginal part and 1.13-137 g/t in the central part. The same
is true for grains from the Tsamgal deposit — in the marginal zone of the spodumene grain Mg is
0.31-5 gft, in the central, 0.44-4.28 g/t. Here, a negative correlation is observed between Na and Mg
and a sharply positive one between Mg and Ca, which is explained by isomorphism of these elements.

Ga content in spodumene from the Kolatan deposit varies within 24-49 g/t, 43 g/t on average;
Dara-e-Pech — from 39-90 g/t, 73 g/t on average; Tsamgal — 35-54 g/t, 43 g/t on average. Ga is the
only rare element in spodumene that does not demonstrate relatively stable content in the marginal
and central zones of crystals. Ga content in spodumene from the microcline-spodumene-albite veins
of the Dara-e-Pech deposit is significantly higher compared to spodumene from the lepidolite-
cleavelandite-spodumene veins of the Kolatan and Tsamgal deposits (Fig.6).

For spodumenes from lithium pegmatites of Afghanistan, zoning caused by changes in the
amount of minor and rare element impurities is very typical in comparison with spodumenes from
other countries. This makes Afghan spodumenes similar to minerals from the Chinese deposits. For
example, the distribution of transition elements in spodumene from the Lhozhag deposit (China)
shows similar variability in Sn, Mg, Fe, and Ti content [29, 45, 46]. In contrast, zoning is not mani-
fested in spodumenes from the Kolmozerskoe deposit in Russia [45].

Kolatan Dara-e-Pech Tsamgal Kolatan Dara-e-Pech Tsamgal

51000 512
49000
47000
45000
43000
41000
39000

37000
35000

2560

640 |o

160

40

—A—Na —0—Mn —0—Fe

Contents, g/t
Contents, g/t

—&—Be —¢—7n —o—Cu —=—Cs

25
26
27
28

9

SP5N10
3N
SP13N.
N.
4N
N
5N30

SP
SP
Sp
SP
SP
SP

2N23
4

SP2N3
SP2N4
SP3N5
SP3N6
SP4N7
2.
SP5N9

SP4NS8
SP6N
SP6N
SP7N
SP7N14
SP8N

8N
ON
ON
IN
IN:
2N:

N

SPINI
SPIN2

SP:
SP
SP.
SP
SP
SP.
SP

Fig.6. Distribution of lithium, trace and rare elements in the marginal (1) and central (2) parts of spodumene crystals,
indicating the positions of analytical points

56

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



Journal of Mining Institute. 2025. Vol. 274. P. 45-62 Bt
© Aleksandr N. Evdokimov, Ataullah Yosufzai, 2025

The amount of Mn in spodumenes from the studied deposits is significantly higher than in
spodumene deposits of Russia, Kazakhstan, and other countries. On the contrary, the amount of Fe
in spodumene from the Kolmozerskoe deposit is higher than in spodumenes from Afghanistan.
The Fe/Mg correlation of spodumene from the Kolmozerskoe deposit corresponds to greenish-grey
spodumene from the Tsamgal deposit. The Sn correlations correspond to those of pink spodumene
from the Kolatan deposit and grey spodumene from the Dara-e-Pech deposit.

Spodumene has two non-equivalent metal cations M1 and M2 in one crystallographic plane [23].
Al and Li can be replaced by ions of transition metals Mn, Fe, Cr in various ratios, therefore,
the colours of spodumene associated with impurities can be quite diverse (Fig.4, 7) [14]. Mn?*
is found mainly in areas enriched in lithium, not aluminium, and gives a broad emission centred
at 600 nm [23]. In crystals rich in Cr, only one R1 line is observed, and Cr** emission is noticeable
at room temperature.

Some researchers [42] suggest that Mn* occupies the M2 site of monoclinic symmetry, while
others [44] suggest that it may occupy the M1 site if introduced into the spodumene lattice during
crystal growth.
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According to [14], based on the study of the chemical composition and optical properties, two
distinct varieties of gem-quality has been identified: green chromium spodumene (typical of deposits
in North Carolina, USA) and chromium-free spodumene (colourless, yellow, pink, purple or green —
natural or synthetic). Studies show that the main chromophores of spodumene are Mn, Fe, Cr, V
and sometimes Co [23, 42, 47]. Figure 7 shows the Fe—-Mn-Cr, Cr—Cu—Fe/Mn, Ti, and Ga bonds of
spodumene from the Kolatan, Dara-e-Pech, and Tsamgal deposits.

Average Fe content in spodumene from the Kolatan deposit is 361 g/t, Dara-e-Pech — 1805 g/t;
Tsamgal — 605 g/t. The distribution of Fe in the marginal zone does not change as sharply as that of
Mn. The correlation between Mn/Fe is positive (Fig.7, a). Lighter zones compared to dark ones are
characterized by a higher Fe/Mn ratio — 0.03-6.9 g/t. A positive correlation is also noted between Mn
and Sn (Fig.7, h). In the pinkish-violet zones of the crystal, Mn content is significantly higher than
Fe content.

The lilac colour of spodumene appears at a higher Mn/Fe ratio — from 1 g/t [23, 48]. In this case,
spodumene (kunzite) acquires a pinkish-lilac hue, which has a higher gem value. The Mn/Fe ratio in
spodumene from the Kolatan deposit fluctuates from 2.2-5.35 g/t, except for Sp3 — 0.4-0.72 g/t. The
Mn/Fe ratio in spodumene from Dara-e-Pech (Sp6, Sp7, Sp8, and Sp10) fluctuates from 0.14 to
0.89 g/t, in Sp11 1.0-1.04 g/t, and in Sp12 it significantly increases to 1.92-52.3 g/t. This crystal has
a sharply zoned colour from white to pinkish-violet. The Mn/Fe ratio in Tsamgal spodumene varies
in Sp5 0.95-1.72, Sp13 0.16-0.21, Sp14 4.9-28.8, Sp15 9.88-11.6 g/t.

Average Cr content in spodumene from the Kolatan deposit is 4.9 g/t, Dara-e-Pech — 6.5 g/t,
Tsamgal — 8.8 g/t (dirty green) (see Fig.4, g). The correlations between Cr/Fe, Cr/Mn, and Cr/Ga are
negative (Fig.7, b, c). In general, spodumene is depleted in chromium (Fig.7, i), and the change in
colour is associated with change in the content mainly of manganese and iron. The correlations be-
tween Ca/K, Be/B Mn/Fe, Mn/Sn, and Mg/Ca are positive (Fig.7).

Ta content in all spodumenes fluctuates between 0.05-1.2 g/t, increasing to 2 g/t in the marginal
part of Sp2. High Be content in the central part of Sp3 is 9.54 g/t and decreases to 0.61 g/t towards
the marginal part. In the remaining spodumene samples, Be content is 0.13-3.65 g/t in the marginal
part and 0.03-3.13 g/t in the central part.

In the distribution of Mn, Sn, Ti contents, a tendency of significant increase from the central to
the marginal part of the crystals is observed. On the contrary, Cr, Fe, Mg, K, Ca, Cu, B contents
decrease significantly from the central to the marginal part of the crystals.

In the spodumenes from the Kolatan deposit, a clear sharp increase in the content of Mn (on
average 729 g/t in the marginal part (ZIl) and 593 g/t in the central (ZI), Fe (352 and 370 g/t),
Cr (3.53 and 6.25 g/t), K (50.1 and 72.9 g/t), Sn (45.7 and 21.5 g/t), Ca (37.4 and 51.4 g/t), Ti (20.2
and 9.54 g/t), Mg (40.6 and 57.1 g/t), B (8.29 and 20.2 g/t), Ga (43.7 and 41.7 g/t), and Be (1.3 and
3.07 g/t) is observed. The most contrasting change in the distribution nature is manifested in the con-
tents of Mn, Fe, Cr, K, Sn, Ca, Ti, Mg, B, and Be at the conditional boundary between two simple
forms (pinacoid in the central part of the section perpendicular to the crystal elongation axis, and
prism in the marginal part).

In spodumenes from the Dara-e-Pech deposit (Digal and Gulsalak), a clear sharp increase in the
contents of Mn (on average 985 g/t for the marginal part (Z11) and 841 g/t for the central part (ZIl)),
Fe (1546 and 1472 g/t, respectively), Cr (5.93 and 7.09 g/t), K (9.21 and 54.1 g/t), Na (1040 and
802 g/t), Sn (117 and 99 g/t), Ca (5.88 and 65.8 g/t), Ti (18.5 and 16.9 g/t), Mg (1.71 and 85.7 g/t),
Ga (75.5and 70.4 g/t), Cs (0.33 and 2.35 g/t), and Cu (3.67 and 6.04 g/t) is observed. At the conven-
tional boundary between the pinacoid (in the centre) and the prism (in the marginal part), the contents
of Mn, Fe, Cr, K, Na, Sn, Ca, Ti, Mg, Ga, Cs, and Cu change noticeably.

In spodumene crystals from the Tsamgal deposit, a sharp increase in the content of the following
elements is observed from the edge to the centre: Mn (on average from 392 to 430 g/t), Fe (from 524
to 686 g/t), Cr (from 7.63 to 9.9 g/t), K (from 6.68 to 17.6 g/t), Sn (from 112 to 121 g/t), Ca (from
3.99 to 6.08 g/t), Ti (from 11.9 to 13.5 g/t), Ga (from 42.6 to 44.1 g/t), B (from 12.9 to 17.9 g/t),
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and Zn (from 6.22 to 8.74 g/t). The most contrasting change in the distribution nature is manifested
for Mn, Fe, Cr, K, Sn, Ca, Ti, Ga, B, Cs, and Zn.

The alkaline element content (Li, Cs, K, Rb, Na) in spodumene from the Kolatan deposit is
39,652-45,075 g/t, on average 41,926 g/t; from the Dara-e-Pech deposit 37,286-52,289 g/t, on average
43,455 g/t; from the Tsamgal deposit 38,139-49,289 g/t, on average 43,927 g/t. The transition element
content (Fe, Mg, Mn, Ca, Ti, V, Cr, Zn, Cu, Nb, Ta, Zr) in spodumene from the Kolatan deposit
is from 531 to 1681 g/t, on average 1145 g/t; in spodumene from the Dara-e-Pech deposit from 177
to 5775 g/t, on average 2544 g/t; in spodumene from the Tsamgal deposit from 316 to 2863 gft,
on average 1055 g/t (Fig.7, ).

The binary correlation diagram between alkali and transition elements shows a positive correla-
tion trend in spodumene from the greyish-white centre to the pink-violet edge (Fig.7).

It should be noted that the positive relationship between alkali and transition elements in spodu-
mene correlates with the distance from the parent intrusion (Fig.7, j). Obviously, the consequence
of the melt movement from the bottom up the section was the differentiation and fractionation of
the fluid as it moved away from the parent intrusion. Zoning is also clearly manifested inside the
pegmatite veins. Thus, spodumene with low contents of alkali and transition elements is found in
the footwall, large transparent pinkish-violet crystals with high contents of alkali and transition
elements are in the quartz core and in miarolitic voids (see Fig.2, 4).

The distribution of lithium in steeply dipping bodies is characterized by an increased concentra-
tion in spodumene of the central zone, in contrast to the selvages (see Fig.2, ). This pattern can also
be used when developing lithium pegmatites in the region [49]. Here, selective development of rich
ore deposits will be oriented toward the sub-vertical zones in the central parts of pegmatite veins.

The regular placement of lithium-rich spodumene in the hypsometric sequence of increasing
heights (see Fig.2, d) on which spodumene pegmatites lie is important. Lithium concentration in the
most distant from the granite intrusion bodies is due to the high migration capacity of lithium.

Internal structure of pegmatite bodies is determined by their formation conditions, the occur-
rence nature, and the type of pegmatite. Large, well-mineralized cavities with multi-coloured gem
spodumene formed in albite-microcline and albite veins, occurring only among gabbro-diorites of
the Nilaw complex. Pegmatites rich in gem varieties are found in the Dara-e-Pech and Nilaw-Kulam
deposits (see Fig.2).

Conclusion

The study of spodumenes from the Kolatan, Dara-e-Pech, and Tsamgal deposits revealed intra-
phase heterogeneity manifested in the zoned coloration of both transparent and opaque crystals, which
is associated with a change in the rare element contents. We found that light-coloured zones have a
higher Fe/Mn ratio than brightly coloured ones (0.03 and 6.9 g/t, respectively).

Sn content in spodumenes collected at a great distance from the parent rocks is significantly
higher compared to those located nearby. For example, the average Sn content in spodumene from
the Kolatan deposit is 33.6 g/t, while in spodumene from the Digal, Gulsalak, and Tsamgal deposits
it is 117-128 g/t. We should note a positive correlation between Sn and Na. For zoned spodumene
from the Kolatan, Dara-e-Pech, and Tsamgal deposits, a positive correlation was observed between
Na, Ti, V, Cr, Mn, Sn, Ga, and Zn. An increase in the content of these elements was noted in trans-
parent pinkish-violet crystals of spodumene, i.e. due to the increase in the content of minor and rare
elements, the mineral acquires gemstone properties. In all analysed spodumenes, an increase in the
manganese content leads to an improvement in gem qualities — the appearance of a pinkish-violet
colour and increased transparency. In the greyish-white zone, as well as in the crystal centre, Fe con-
tent is higher than Mn content. In the studied spodumene crystals, the transparency and colour satu-
ration increase from the centre to the edge, the colour from greyish-white to pinkish-violet. We noted
a change in the colour intensity depending on the crystallographic directions, with the deepest colours
observed along the elongation axis, where the rare element contents increase.
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Syngenetic intraphase heterogeneity of spodumene from the three deposits studied is the result
of changes in the physical and chemical conditions of mineral formation during pegmatite evolution
and is due to the isomorphic replacement of Li and Al by such trace elements as Fe, Mn, Cr, etc.

Opaque white spodumene is predominantly distributed in the hanging wall, and coarse-grained
light pink and pinkish-violet is found in the blocky zone and in the quartz core.

Fine-crystalline acicular spodumene in an aphanitic dyke is formed in aggregates of fine tabular
sugar-like albite as a result of dissolution of early spodumene during albitization and lithium redepo-
sition.

Among rare elements, Ga content in spodumene in microcline-spodumene-albite veins of the
Dara-e-Pech deposit is consistently higher than in spodumene from lepidolite-cleavelandite-spodu-
mene veins of the Kolatan and Tsamgal deposits. This is due to the difference in the composition of
the host rocks at these deposits. Pegmatite veins of the Kolatan and Tsamgal deposits are found among
weakly metamorphosed phyllitic schists. Pegmatite veins at the Dara-e-Pech deposit occur among
granodiorites. Transparent gem-quality spodumene with high gallium content is found in pegmatite
bodies occurring among biotite-amphibole diorites and gabbro-diorites of the Nilaw complex, Dara-
e-Pech and Nilaw-Kulam deposits. It crystallized in a relatively calm, tectonically stable environment.

In general, pegmatite bodies hosted within the gabbro-diorite massifs of the Nilaw Complex
display more distinc internal zoning and coarser grain and block sizes of individual minerals com-
pared to those emplaced in phyllite-like schists, assuming comparable conditions (melt mineralization
and emplacement setting). These differences are attributed to the morphology of the pegmatite bodies
and the more stable crystallization environment provided by the gabbro-diorite host rocks.

A distinct differentiation of lithium content is observed in pegmatite occurring at different hyp-
sometric levels and at different distances from the granitoid massif. The most remote and overlying
of them contain spodumene with maximum lithium concentration, which is possibly due to its in-
creased migration capacity in the residual pegmatite melt.

Geochemical criteria for separating magmatic and hydrothermal spodumene are based on the
analysis of homogeneity and heterogeneity of compositions in different zones of spodumene crystals.
In the central part of all analysed samples, a homogeneous composition formed by the initial stable
melt is observed in comparison with the peripheral zones. The spodumene pegmatite-forming melt
appeared as a result of multistage fractional crystallization of lithium-bearing leucogranite magma of
phase Il of the Laghman complex. The distinct zoning of spodumene crystals is associated with
changes in the fluid composition as part of crystal growth during magmatic fractionation and transi-
tion to the hydrothermal stage. The peripheral zones of crystals are marked by different individual
growth zones caused by a change in fluids, the mobility of which suggests variability of their com-
positions.

The authors are deeply grateful for the assistance in analytical work using the SIMS method and
editing the manuscript to Professors S.G.Skublov, A.V.Kozlov and Associate Professor N.I.Voron-
tsova and express their deep gratitude to Professors A.M.Mosazai, N.Sahak, H.Waizy and A.B.Qanit
for their assistance and guidance in field work and sampling in the Dara-e-Pech deposit area.
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