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Abstract

This paper presents new data on various types of pegmatites from the Larsemann Hills oasis (Princess Elizabeth Land,
East Antarctica), collected during the 70th Russian Antarctic Expedition in 2024-2025. As a result of comprehensive
geological and geophysical investigations, all pegmatite occurrences in the area belonging to different stages of the
Pan-African orogeny have been described, analyzed, and systematically classified in a unified context for the first time.
In addition to previously known pegmatites associated with deformation stages D2-3, D4, and post-Dy4, a further subdi-
vision is proposed based on mineralogical-geochemical characteristics and the content of natural radionuclides. These
include borosilicate D2-3 pegmatites, rare-metal D4 pegmatites, muscovite-bearing post-D4 pegmatites, as well as two
newly identified types not previously described in the region: K-feldspar D4’ pegmatites and miarolitic rare-metal post-
D4 pegmatites, which differ in morphology, mineralogy, and geochemical features. Special attention is given to the
structural-tectonic control of pegmatite bodies, their geological setting, zoning patterns, and the results of gamma spec-
trometric and magnetic surveys. Pegmatitic formations containing rare typomorphic minerals — such as tourmaline,
boralsilite, grandidierite, and chrysoberyl — are also examined. The results indicate a significant diversity of pegmatite
formation conditions, help refine the PT parameters and timing of the initial and final stages of the Pan-African meta-
morphic event, and confirm the genetic link between pegmatite development and D2-Ds deformation stages. These
findings contribute to the reconstruction of Early Paleozoic pegmatite-forming stages during anatectic processes in the
geodynamic evolution of East Antarctica and Gondwana.
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Introduction

Pegmatites are highly differentiated late-magmatic formations that play a crucial role in under-
standing the final stages of magmatic system evolution. They act as natural concentrators of rare and
dispersed elements, serve as sources of strategically important minerals, and provide valuable insight
into melt fractionation, degassing processes, and the tectono-magmatic evolution of the continental
crust. Since pegmatites often form in post-metamorphic settings, they are also informative for recon-
structing the late stages of regional geodynamic development.

In East Antarctica, pegmatites are widespread within ancient metamorphic complexes and have
been the subject of multiple local-scale studies over recent decades. However, systematic and inte-
grated research on these formations remains limited.
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The Larsemann Hills oasis, located in the coastal part of Princess Elizabeth Land, represents a
unique geological setting where metamorphic and magmatic rocks of various ages are exposed in a
relatively small area, preserving evidence of multiple global tectono-thermal events. The presence of
well-exposed pegmatite bodies, often retaining primary zoning, makes this area especially valuable
for studying pegmatite formation processes in the context of deep continental crust evolution. Despite
attracting research attention over the past thirty years, key questions regarding the formation condi-
tions, timing, and internal classification of these pegmatites remain unresolved [1-3]. This study aims
to address these gaps through a comprehensive investigation of the morphological, mineralogical-
geochemical, and geophysical characteristics of specific pegmatite types. Special emphasis is placed
on the detailed description of miarolitic and rare-metal pegmatites that have not previously been re-
ported in this region.

During the 70th Russian Antarctic Expedition (2024-2025), a team from Saint Petersburg Mining
University conducted integrated geological and geophysical surveys on the Broknes Peninsula (Larse-
mann Hills oasis, Princess Elizabeth Land, East Antarctica). The research focused on the Upper Protero-
zoic metamorphic complexes forming the peninsula, including mapping and mineralogical-geochemical
sampling. Another component of the study involved examining fault structures, with detailed descriptions
and photographic documentation aimed at producing a tectonic map of the area.

Geological setting

East Antarctica represents a cratonic region predominantly composed of Archean and Protero-
zoic metamorphic rocks [4, 5]. The geological evolution of the region is associated with several oro-
genic phases, the most significant of which occurred in the Late Archean, Early Proterozoic, and Late
Riphean to Ediacaran, corresponding to the formation of the supercontinents Columbia, Rodinia, and
Gondwana [6-8]. The most extensive rock exposures are found along the coastal belt of East Antarc-
tica, where granulites, gneisses, and migmatites are widespread [9-11], along with relatively rare,
younger intrusive bodies of various compositions, including pegmatites. These pegmatites formed
during the late stages of granitoid magma crystallization in the Early Paleozoic within a collisional
tectonic setting [12].

The geological structure of the Larsemann Hills oasis, located on the coast of Prydz Bay in East
Antarctica, comprises both ortho- and paragneisses of amphibolite to granulite facies [13], forming a
heterogeneous complex of metamorphic formations. The main units of the geological section in the
study area include: mesoproterozoic Nella mafic granulites, Zhongshan leucogneisses, and Blundell
orthogneisses; as well as neoproterosoic paragneisses of the Brattstrand sequence, which are subdi-
vided into several subunits — Stiiwe metapelites, Lake Ferris metapelites, Broknes paragneisses,
Gentner metapsammites, and White Hill leucogneisses [14] (Fig.1).

The Nella mafic granulites are composed of ortho- and clinopyroxene, amphibole, plagioclase,
and biotite, with minor amounts of quartz and magnetite. The mineral composition of the remaining
rock complexes is predominantly represented by quartz and feldspar, with variable amounts of biotite,
garnet, sillimanite, and cordierite. The protoliths of the orthogneisses are believed to have been mafic
and felsic rocks dated to 940-1126 Ma [15]. The timing of protolith formation for the paragneisses
remains a subject of debate. Some researchers attribute the age of sediment deposition to the Edia-
caran period (600-575 Ma) [16-18] while others suggest a Cambrian age of around 515 Ma [19],
while others argue that these processes occurred much earlier, during the Mesoproterozoic to Early
Neoproterozoic (1100-970 Ma) [15, 20]. It is widely accepted among researchers that the region ex-
perienced two major high-temperature metamorphic events: the first occurred around 1000-900 Ma
during the Grenvillian orogeny (D1), and the second took place around 580-510 Ma during the Pan-
African orogeny (D2.4) [13, 20-22]. The latter event was associated with widespread anatexis, the
emplacement of Cambrian granitoids of the Progress Complex, and the formation of a diverse array
of pegmatite bodies differing in structural-tectonic setting and internal zoning — these pegmatites
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Fig.1. Location of the study area on the map of Antarctica and geological map of the Broknes Peninsula,
Larsemann Hills oasis [14] (with authors’ additions)

Key outcrops 1-5: 1 — borosilicate pegmatite D,.3, 2 — rare-metal pegmatite D4, 3 — K-feldspar pegmatite D',
4 — muscovite pegmatite post-D,, 5 — miarolitic pegmatite post-D,'; 6 — bodies of borosilicate pegmatites D,.3; 7 — faults;

8 — veins of rare-metal pegmatites Da; 9 — veins of K-feldspar pegmatites D,'; 10 — loose sediments (Q); 11 — Progress microgranite (ez);
12 — Progress granite (e1); paragneisses of the Brattstrand formation (Rs) 13-16: 13 — White Hill leucogneiss, 14 — Gentner metapsammite,
15 — Broknes paragneiss, 16 — Lake Ferris / Stiiwe metapelite; 17 — Blundell orthogneiss (R3); 18 — Zhongshan gneiss (Rs);

19 — Nella mafic granulite (Rs)

constitute the primary focus of the present study. Within the Larsemann Hills oasis, previous studies
have identified two [1, 2], or in other interpretations, three [3] types of pegmatites associated with
different stages of the Pan-African orogeny — D».3 (578-531 Ma) [1, 23], D4 (526-510 Ma) [23], and
post-D4 (circa 515 Ma) [3].

This study proposes an expanded classification of pegmatites, taking into account new field
geological and geophysical data on their structural-tectonic position, zoning patterns, and mineral
composition. The revised typology includes borosilicate D».3 pegmatites, rare-metal D4 pegmatites,
muscovite post-D4 pegmatites, as well as two newly identified types: K-feldspar D4 pegmatites and
miarolitic rare-metal post-D4' pegmatites. In addition to these distinguishing features, the pegma-
tites differ in age, protolith composition, mineralogical-geochemical characteristics, and structural-
textural attributes.
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Methods

Comprehensive geological and geophysical fieldwork in the area of Progress Station included
geological traverses, descriptions of key outcrops, magnetometry, and gamma spectrometric surveys.
A total of 87 pegmatite occurrences were identified and described during the field campaign. Some
pegmatite bodies were initially delineated through interpretation of aerial photographs obtained
during the creation of orthophotomaps using a DJI Mavic Air 2 UAV (DJI, China). Additional peg-
matite bodies were detected based on ground magnetic surveys conducted at a scale of 1:10,000 using
a MiniMag Overhauser magnetometer (GeoDevice LLC, Russia). At key pegmatite outcrops, detailed
investigations were carried out to assess geological structure, relationships with tectonically weakened
zones, and internal zoning. Gamma spectrometric measurements were performed both on specific
localities and along survey profiles using the MKCP-01 portable gamma spectrometer (NTC
RADEK LLC, Russia), with exposure times ranging from 600 to 1800 s. Selected rock samples
were promptly delivered to Saint Petersburg and analyzed at the Laboratory of the Institute of Pre-
cambrian Geology and Geochronology, RAS, using a SPECTROSCAN MAX-GVM X-ray fluo-
rescence analyzer (SPEKTRON NPO LLC, Russia).

Results

The most representative pegmatite bodies of different types were described at key outcrops:
borosilicate D23 (N 1), rare-metal D4 (N 2), K-feldspar D4' (N 3), muscovite-bearing post-Da (N 4),
and miarolitic post-D4' (N 5) (Fig.1).

The following section provides a detailed examination of the identified pegmatite types, in-
cluding both newly described varieties and those previously mentioned in the literature [1-3, 23],
but not previously studied within a unified context and remaining insufficiently characterized.

Borosilicate pegmatites D2-3. The earliest pegmatites in the study area are associated with the D>
and D3 deformation events, which occurred during the Pan-African orogeny [1], and are represented
by borosilicate pegmatites of the D».3 type. These pegmatites are believed to have formed as a result
of melt differentiation during partial melting of borosilicate-rich paragneisses in the Early Paleozoic,
between 578 and 531 Ma [1, 23]. During subsequent tectonic events, these formations underwent
deformation [2]. D23 pegmatite bodies were observed at 48 locations, primarily within the Broknes
subformation paragneisses, and less commonly
within the Gentner metapsammites. Structurally,
these rocks occur as subconcordant lenses and
vein-like bodies aligned with the host metamor-
phic foliation, reaching lengths of several tens of
meters and thicknesses of up to 1-2 m (Fig.2),
the dip of which in most cases corresponds to the
dip of the host rocks. Their contacts with host
rocks are sharp and irregular. These pegmatites
lack well-developed internal zoning. The main
rock-forming minerals include K-feldspar, pla-
gioclase, gray to milky-white quartz, and
coarse-flaky biotite. A distinctive feature of this
type is the high content of rare borosilicate
minerals, such as dumortierite, prismatine,
grandidierite, boralsilite, and tourmaline
(Table 1) [2, 3, 24]. Boron mineralization is
particularly widespread in the western part
of the Larsemann Hills oasis, on the Stornes
Peninsula, which led to the establishment of a

Fig.2. Vein body of borosilicate pegmatite D2-3 (key outcrop N 1)
within host paragneisses of the Broknes subformation . o .
(hammer length for scale — 30 cm) specially protected natural area within this ter-

1-5 — points of gamma spectrometry observations ritory [25].
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Table 1
Comparative geological and mineralogical characteristics of pegmatite types in the Larsemann Hills oasis
Pegmatite type
Characteristics Borosilicate Rare-metal K-feldspar Muscovite-pearing Miaroli_tic
. - pegmatites pegmatites pegmatites
pegmatites Dy.3 pegmatites D, Dy 00st-Dy p0St-Dy
Age, Ma 578-531[1, 23] | 526-510 [23] 521-517 [1] 5157 [3] ?
Distribution Widespread Western Western Northwestern | Northwestern
and central parts [and central parts|  part of the part of the
of the Broknes | of the Broknes Broknes Broknes
Peninsula Peninsula Peninsula and Peninsula
nearby islands
Host rock Brattstrand paragneiss (Neoproterozoic)
Mode of occurrence Lenses [26] / Veins Veins Veins / lenses Lenses
vein bodies
Zoning Absent Well-defined | Well-defined | Well-defined | Well-defined
Formation temperature, °C 750-800 [3] >800 [3] 550-650 [27] 490-580 [3] [350-5007 [28-30]
Pressure, GPa 0.4-0.7 [3] >0.4-0.7[3] | 0.15-0.45[27] | 0.35-0.2 [3] >0.257? [28]
Effective specific activity A, Ba/kg 56.70-59.00 61.50-103.00 | 17.40-206.00 45.90-67.60 52.20-910.00
Dominant feldspar K-feldspar + K-feldspar + K-feldspar K-feldspar K-feldspar
plagioclase plagioclase
Dominant mica type Biotite Biotite Biotite Muscovite Biotite
Quartz SiO2 Gray White Gray Light gray Gray to smoky
Sillimanite Al2SiOs XXX XXX
Andalusite Al2SiOs ™ [2] (™ [3] XXX?
Beryl Al2Be3[SisO1s] ? XXX [3]
Tourmaline NaR3Als(OH)1+3|(BOs)3[SisO1s] X/ XXX XXX XXX X[3]
Garnet (almandine) Fe2*3Al2[SiO4]3 XXX XXX XXX X
Cordierite AlsMg2[AlSisO1s] XXX
Orthopyroxene X [26]
Grandidierite (Mg, Fe)Als[O|BO4|SiOs] X I XXX [2,3]
Boralsilite Al16B6Si2037 XXX [3, 24] X [3]
Prismatine (Mg, Na)2Mg(Al, Fe, Mg)s XXX
[Si207][(Al, Si)2(Si, B)O10]04(0O, OH)
Dumortierite Als[(Al4BSiz)O0190H] (™ [3] X [3]
Verdingite X [24]
Alg[(Mg, Fe)2Ala(Al, Fe)2Sia(B, Al)4]Oz7
Apatite Cas[(POa4)s|( F, Cl, OH)] X [24] X ? XXX
Monazite (Ce, La, Y)[POq4] X[3] X [26] X X
Xenotime YPO4 X [24] X [24] X X
Zircon (Zr, Hf, Th, U, TR, Ca, Na) X [24] X [24] X[1] X
[(Si, Al, P, S) (Ti, Zr, Th)307]
Uranium-bearing mineral XXX
Chrysaoberyl Al.BeO4 XXX
Magnetite Fe2*Fe3*204 XXX XXX XXX X
Spinel MgAl204 XXX [26]
llmenite FeTiO2 X [26]
Rutile TiO2 X [24] X [23] X
Corundum Al203 (*) [26]
Diaspore AIOOH (*) [26]
Pyrite FeS2 X [24] XXX

Note. XXX —mineral occurs in significant amounts; X — mineral occurs as small grains in thin sections or concentrates; (*) — secondary
mineral; ? — requires further clarification. Field identifications were made visually or using X-ray fluorescence (XRF) analysis.
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According to gamma spectrometry data, the identified borosilicate D.3 pegmatites show iso-
tope concentrations of potassium, uranium, and thorium that are nearly indistinguishable from those
of the host paragneisses (Table 2).

Table 2
Average concentrations of natural radionuclides and effective activity of borosilicate D2-3s pegmatite
and host paragneisses of the Broknes subformation based on gamma spectrometry data (key outcrop N 1)
Concentration
Zone
K, % U (*®*Ra), ppm 22Th, ppm Aefr, Ba/kg Th/U
Host paragneisses 5.34 1.50 41.82 56.70 27.84
Contact between host paragneisses and pegmatites 7.31 1.36 42.10 57.10 31.05
Central part of the pegmatite body 7.39 1.20 43.62 59.00 36.35

Rare-metal pegmatites D4. The emplacement of the younger rare-metal D4 pegmatites is also
linked to the Pan-African orogeny [1]. They are believed to have formed through melt differentia-
tion derived from multiple sources during anatexis processes [3] between 526 and 510 Ma [23].
D4 pegmatite bodies were recorded at 35 observation points, mainly within the Broknes subformation
paragneisses. Structurally, these pegmatites form extensive (up to 150-200 m long), subvertical,
cross-cutting veins up to 1 m thick, trending north-northwest and controlled by submeridional fault
zones. This pegmatite type is most prominently developed in the western part of the Broknes Penin-
sula (see Fig.1). They are periodically observed to cross-cut the D».3 pegmatites. Frequently, these
bodies are affected by later linear deformations, represented by mylonite zones up to 20 cm thick and
extensive fractures. The main rock-forming minerals of these pegmatites include orange to pink and
flesh-red potassium feldspar, plagioclase, white quartz, and coarse-flaky biotite. Accessory minerals
comprise magnetite, spinel, garnet (almandine), sillimanite, tourmaline, and chrysoberyl — which is
described here for the first time in the Larsemann Hills oasis and, more broadly, in Princess Elizabeth
Land — forming relatively large (up to 2-3 cm) characteristic twins and triplets. Interestingly, similar
abyssal pegmatites described in other parts of the world never exhibit simultaneous development
of boron and beryllium mineralization [31].

All veins of this type exhibit distinct zo-

nation (Fig.3) with gradual contacts between
zones (from margins to center, illustrated
by a K-feldspar pegmatite from key outcrop
N 2):
3 a —the marginal zones consist of fine-
4 to medium-grained feldspar-quartz aggre-
5 gates. Clusters of magnetite are observed
3 in the western, typically footwall, marginal
zones;

b —the graphic zone is not ubiquitous
and is characterized by large feldspar aggre-
gates with sparse quartz ichthyoglypts and
rare small (1-2 cm) graphic intergrowths of
quartz and tourmaline;

c —the blocky zone comprises large
idiomorphic potassium feldspar crystals, of-
ten accompanied by coarse-flaky biotite and
much less commonly by quartz. In some rare-
metal veins within this zone, well-formed

E

Fa+b~ c "

50 cm

Fig.3. Schematic cross-sectional sketch of the zonal structure
of a rare-metal pegmatite vein D4 (key outcrop N 2).
Zones: a — marginal; b — graphic; ¢ — blocky
1 - Broknes paragneiss; 2 — potassium feldspar; 3 — quartz; 4 — biotite;
5 — chrysoberyl; 6 — tourmaline; 7 — sillimanite;

8 — graphic intergrowths of quartz and tourmaline;

9 — points of gamma spectrometry observation
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twins and triplets of chrysoberyl up to several centimeters in size, as well as sillimanite and tourmaline

crystals, have been documented.

Rare-metal D4 pegmatites show slightly elevated concentrations of natural radionuclides and
effective activity compared to the host paragneisses (Table 3).

Table 3
Average concentrations of natural radionuclides and effective activity of rare-metal D4 pegmatite
and host paragneisses of the Broknes subformation based on gamma spectrometry data (key outcrop N 2)
Concentration
Zone
K, % U (***Ra), ppm 22Th, ppm Acrr, Ba/kg Th/U
Host paragneisses 3.05 1.92 45.30 61.50 23.64
Contact between host paragneisses and pegmatites 3.68 3.24 53.87 74.10 16.61
Blocky zone of the pegmatite 5.25 4.38 75.03 103.00 17.13

K-feldspar pegmatites D4" are significantly less common in the study area, having been identi-
fied at only three observation points in the western part of the Broknes Peninsula. U-Pb isotopic
dating indicates their age to be 517-521 Ma [1]. Structurally and in terms of their association with
fault zones, these pegmatites do not differ from the previously described rare-metal D4 pegmatites
and have not been distinguished as a separate group by other researchers. However, they are reliably
distinguished by their mineral composition — they consist almost entirely of large (up to 30-40 cm)

white elongated orthoclase crystals, often
displaying macroscopic twins. Subordi-
nate minerals include gray quartz, typi-
cally found in the selvages of veins or as
chains of small (up to 1 cm) quartz aggre-
gates forming in the blocky zone at the
boundaries of orthoclase crystals, and
coarse-flaky idiomorphic biotite. Acces-
sory minerals include magnetite and gar-
net (almandine) crystals. These pegma-
tites also exhibit zonal structure (Fig.4).
According to gamma spectrometry
data, K-feldspar pegmatites D4' also differ
from rare-metal pegmatites by elevated
thorium isotope concentrations, higher ef-
fective activity values, and increased tho-
rium-to-uranium ratios (Table 4).

Fig.4. Schematic cross-sectional sketch of the structure
of a K-feldspar pegmatite vein D4' (key outcrop N 3).
Zones: a — marginal (Ort-Bt-Q-(Mag); b — blocky (Ort-Q);

¢ — mylonitization (PI-Bt)

Ort — orthoclase; Bt — biotite; Q — quartz; Mag — magnetite;
1 — paragneisses; 2 — orthoclase; 3 — quartz; 4 — biotite; 5 — garnet;
6 — points of gamma spectrometry observations

Table 4
Average concentrations of natural radionuclides and effective activity of K-feldspar D4" pegmatite
and host paragneisses of the Broknes subformation based on gamma spectrometry data (key outcrop N 3)
Concentration
Zone

K, % U (**Ra), ppm 22Th, ppm Aerr, Ba/kg Th/U

Host paragneisses 3.58 113 12.20 17.40 10.77

Contact between host paragneisses and pegmatites 6.41 2.86 79.32 107.00 27.73

Blocky zone of the pegmatite 8.00 4.65 152.80 206.00 32.83
71
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Muscovite pegmatites post-Ds. The
younger pegmatite formations associated
with the Pan-African orogeny are distin-
guished by some researchers as a separate
group [3]. It is suggested that they formed
contemporaneously with the Progress granites
around 515 Ma from a common protolith [22].
These pegmatites have a very limited distribu-
tion in the study area, restricted to the north-
west part of the Broknes Peninsula; post-Ds
pegmatite bodies were identified at only two
observation points. They occur as cross-cut-
ting and sub-concordant veins and lenses
trending north-northwest, with lengths up to
100-150 m and thicknesses up to 30 cm, often
displaying clear zonal structure (Fig.5). The
main rock-forming minerals include pale
orange potassium feldspar, coarse-flaky idio-
morphic muscovite, and light gray quartz.

Similar pegmatites described in [3], oc-
curring on some northern islands of the oasis,
may also contain beryl. The presence of large idiomorphic muscovite crystals, which are absent in
other pegmatite types, justifies distinguishing these pegmatites as a separate group. This fact, along
with the possible presence of beryl, suggests that the emplacement of post-Ds muscovite pegmatites
occurred at lower temperatures and likely corresponds to a younger age. Gamma spectrometry data
indicate that these rocks are relatively depleted in radioactive elements compared to the rare-metal,
K-feldspar-rich, and miarolitic pegmatites (Table 5).

Fig.5. Vein of muscovite post-D4 pegmatite in paragneisses
of the Broknes subformation (key outcrop N 4). Knife length 10 cm

Q — quartz; Musc — muscovite; Fs — potassium feldspar

Table 5
Average concentrations of natural radionuclides and effective activity of muscovite post-Ds pegmatite
and host paragneisses of the Broknes subformation based on gamma spectrometry data (key outcrop N 4)
Concentration
Zone
K, % U (**Ra), ppm 232Th, ppm Aerr, Ba/kg Th/U
Host paragneisses 5.25 2.49 32.80 45.90 13.18
Contact between host paragneisses and pegmatites 4.09 2.04 34.78 48.00 17.07
Central zone of the pegmatite 5.11 3.71 48.47 67.60 13.05

Miarolitic pegmatites post-D4'. Miarolitic pegmatites represent some of the most intriguing
geological formations. Currently, there is no publicly available information on the discovery of
miarolitic pegmatite bodies in Antarctica. Such formations are rare in ancient high-grade metamor-
phic terrains, making the discovery of a miarolitic pegmatite among the metamorphics of the Larse-
mann Hills a significant finding. The miarolitic pegmatite was initially identified from numerous
fragments of quartz crystals exhibiting euhedral growth faces, found within deluvial deposits in Upper
Proterozoic migmatized paragneisses in the western part of the Broknes Peninsula. Continued explo-
ration led to the discovery of a relatively large (1x0.5x1 m®) zoned body, lying horizontally and
subconcordantly within the Broknes paragneisses. The presence of asymmetric zoning, cavities lined
with euhedral crystals (Fig.6), and a marked difference in natural isotope concentrations and their
activity distinguish this pegmatite as a separate group.
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Fig.6. Structure of the miarolitic post-D4’ pegmatite (a) and selected minerals found within it: apatite illuminated by a flashlight (b),
and smoky quartz with inclusions of a strongly weathered unknown mineral (c)
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Fig.7. Schematic cross-sectional sketch of the miarolitic pegmatite structure (key outcrop N 5)

Zones: a — graphic; b — blocky; ¢ — quartz core
1 — Broknes paragneisses; 2 — potassium feldspar; 3 — quartz core; 4 — biotite; 5 — quartz crystals; 6 — ilmenite (?); 7 — plagioclase; 8 — andalusite (?);
9 — clay from miarolitic cavity; 10 — points of gamma spectrometry observations

The structure of the described miarolitic pegmatite comprises several gradually transitioning
zones (Fig.7):

a—the graphic zone, characterized by not always clearly defined intergrowths of potassium feld-
spar and quartz;

b — the blocky zone, consisting of large aggregates of potassium feldspar with occasional large
biotite crystals up to 30 cm in size (Fig.6, a). This zone contains numerous miarolitic cavities ranging
from 15 to 30 cm in size, lined with crystals of smoky quartz (Fig.6, c), potassium feldspar, bluish
iridescent plagioclase, rutile (as inclusions in quartz), ilmenite, brownish-red apatite (Fig.6, b) with
inclusions of yttrium-bearing monazite, as well as dark radioactive cryptocrystalline phases and
several as yet unidentified weathered minerals. The cavities are filled with a loose clayey material
containing abundant small golden crystals of xenotime and monazite;
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¢ —the core, composed of massive gray quartz aggregates with numerous, often curved, greenish-
yellow matte crystals — likely andalusite — up to 7-10 cm long, along with rare pyrite inclusions.

Gamma spectrometry measurements conducted across the zoning profile of the pegmatite body
show some of the highest concentrations of natural radionuclides and effective activity values
recorded in the study area (Table 6).

Table 6
Average concentrations of natural radionuclides and effective activity in miarolitic post-D4’ pegmatite
and host migmatized metamorphics based on gamma spectrometry data (key outcrop N 5)
Concentration
Zone
K, % U (**Ra), ppm 22Th, ppm Aerr, Ba/kg Th/U
Migmatized metamorphic host rocks 5.36 0.70 39.00 52.20 55.47
Block zone of the pegmatite body 10.89 21.71 592.00 798.00 27.27
Miarolitic cavity 7.21 39.85 663.70 910.00 16.66

This pegmatite body, together with the host migmatized paragneisses, is also distinguished by a
negative linear magnetic anomaly recorded during the surveys, extending approximately 150 m in
length and up to 30 m in width.

Discussion

Several types of pegmatites associated with Pan-African orogenic events (circa 580-510 Ma)
are distinguished within the Larsemann Hills oasis. Their formation corresponds to the global peak
of tectono-magmatic activity in the Early Paleozoic, which was manifested over extensive areas
worldwide during the collisional orogeny and the assembly of supercontinents [32].

Recently, several attempts have been made to systematize information on the pegmatites of the
Larsemann Hills oasis and to clarify the conditions and sequence of their formation. One of the main
challenges in these studies is that absolute dating of different pegmatite types is not always indicative,
as the results often overlap or differ only within the margin of analytical uncertainty. For K-feldspar-
rich, muscovite, and miarolitic pegmatites, very few reliable data exist on their absolute ages and
thermobaric formation conditions, or such data are completely lacking. From this perspective, pri-
mary field observations on the relationships between these pegmatite types are of great value.

It is suggested that the emplacement of the earliest pegmatites is associated with the deformation
events D2 and D3, which led to the formation of extensional zones trending submeridionally [1]. The
D23 pegmatites are characterized by abundant boron mineralization and contain very rare minerals
such as grandidierite and prismatine, as well as newly described minerals previously known only
from meteorites, like boralsilite [3, 24, 25]. Based on PT stability conditions of boralsilite, it is pro-
posed that the D».3 pegmatites formed at temperatures of 750-800 °C and pressures of 0.4-0.7 GPa
(see Table 1) during partial melting of boron-rich paragneisses [3]. Absolute age determinations of
these formations, obtained from monazite and zircon by various authors, are broadly consistent —
578-531 Ma [23] and 562-534 Ma [1] — corresponding to the timing of the tectono-magmatic event
that triggered partial melting of the host rocks. It is considered that during subsequent processes these
bodies were folded, mostly concordantly with the host rocks, and in some cases disrupted by brittle
dislocations along which later pegmatites were emplaced.

Field observations indicate that D».3 pegmatite formations are widespread throughout the study
area, occurring as lenses and short veins up to a few meters thick with irregular contacts, generally
concordant with the host rocks. On the Broknes Peninsula, boron mineralization is almost absent in
D23 pegmatites; the largest occurrences are concentrated in the western part of the oasis, on the
Stornes Peninsula. Gamma spectrometry data show that D,-3 pegmatites do not exhibit significant
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differences in radionuclide content compared to the host Broknes paragneisses and Gentner metapsam-
mites, while they are characterized by lower values relative to the rare-metal D4, K-feldspar D4’, and
miarolitic post-D4’ pegmatites. This may be related both to the high-temperature crystallization con-
ditions of these pegmatites and to enhanced Th and U mobility during subsequent metamorphic pro-
cesses [33].

Subsequently, late deformation processes D4 [1] were superimposed on the areas that experi-
enced extension during the D3 event, resulting in further extension and emplacement of D4 pegmatites
within weakened zones. Rare boralsilite inclusions have also been found in these rocks, suggesting
that D4 pegmatites formed under thermobaric conditions similar to those of the D..3 pegmatites [3].
Monazite dating indicates that the D4 pegmatites were formed between 526 and 510 Ma [23] as a
result of partial melting of a substrate derived from multiple sources [3]. Field observations show
that D4 pegmatites are predominantly localized in the western and central parts of the Broknes
Peninsula, within a zone approximately 5 km long and 2 km wide, corresponding to submeridional
fault zones identified during geological traverses and previous studies. Gamma spectrometry data
indicate that rare-metal D4 pegmatites have lower concentrations of natural radionuclides compared
to K-feldspar D4' and miarolitic pegmatites, but exhibit elevated values relative to D2-3 and musco-
vite post-D4 pegmatites. This is likely related to the high-temperature and high-pressure crystalli-
zation conditions of these pegmatites, where Th and U remained largely in the melt. Of particular
interest is the presence of a well-developed high-temperature mineral assemblage — potassium feld-
spar, sillimanite, and chrysoberyl — in these formations. According to numerous studies [34-36],
chrysoberyls in pegmatites generally form on pre-existing beryl crystals. However, the absence of
relic primary beryllium minerals and the high degree of idiomorphism of chrysoberyl crystals ob-
served by the authors in D4 pegmatites suggest its primary origin. Moreover, the presence of chryso-
beryl may indicate local enrichment of the melt in alumina derived from the host rocks [37, 38].
Beryllium could have been mobilized from metamorphic beryllium minerals (e.g., sapphirine
Mg2.73Fe1.00Al1.14Be0.12B0.01S12.4020), as described in the granite pegmatites of the Napier Complex,
Antarctica [31]. This evidence supports a higher-temperature nature of formation for the rare-metal
D4 pegmatites [27, 31, 38].

Rare K-feldspar pegmatites D4', which occur locally within the zone of rare-metal D4 pegmatites
and do not differ from them in structural position, are not distinguished as a separate type by other
researchers. Nevertheless, based on their mineral composition — primarily the predominance of large
(30-40 cm) potassium feldspar crystals — it can be inferred that these pegmatites formed later and at
lower temperatures than the rare-metal D4 pegmatites. This conclusion is supported by zircon
dating results from similar lightly colored pegmatites, indicating an age of formation between
521 and 517 Ma [1]. K-feldspar pegmatites typically crystallize at temperatures ranging from 550
to 650 °C [39]. Such conditions are characteristic of the late magmatic and pneumatolytic-hydrother-
mal stages of mineral formation, when residual volatile-rich fluids crystallize in fractures within the
host rocks. Furthermore, gamma spectrometry data show that K-feldspar D4 pegmatites have higher
radionuclide concentrations than borosilicate D».3, rare-metal D4, and muscovite post-Ds pegmatites.
This can be explained by the tendency of potassium feldspar to retain radionuclides within its struc-
ture, and the stated temperatures promote the accumulation of thorium and uranium in certain
minerals [40].

Another, later type of pegmatite distinguished only in studies [3, 23] are the muscovite post-D4
pegmatites. It is assumed that this type is the most distant from the melt source and formed at lower
temperatures (490-580 °C) and pressures below 0.4 GPa [3]. Currently, no publicly available data
exist on the absolute age of these bodies; however, study [3] demonstrates that isotopic characteristics
of muscovite pegmatites are similar to those of the Cambrian Progress granites (see Fig.1), suggesting
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their formation age to be approximately 515 Ma [41]. These pegmatites have a very limited distribu-
tion in the study area. Geographically, they are localized in the northern part of the weakened zone,
intruded by rare-metal and K-feldspar D4 pegmatites. Gamma spectrometry observations indicate that
these formations have some of the lowest recorded concentrations of natural isotopes among the
pegmatites — muscovite and quartz weakly accumulate uranium and thorium, and radionuclides may
migrate with later hydrothermal fluids, reducing their concentration in the rock. It is likely that mus-
covite pegmatites are associated with the final stage of anatectic processes.

Of particular interest is the discovery of miarolitic pegmatites within the Larsemann Hills oasis.
Such formations have not been previously described in the study area, and this finding warrants fur-
ther detailed and comprehensive investigation. The described body significantly differs from all other
studied pegmatites in terms of structure, mineral composition, and gamma spectrometry results,
which show a sharp increase in natural isotope concentrations and their activity. Moreover, unlike all
other pegmatites, it is distinctly distinguished by magnetic survey data, exhibiting characteristics
similar to those described in [42-44]. Based on initial field data, it is hypothesized that the formation
of this body occurred during the latest stages of the pegmatitic process at the lowest temperatures
among the considered pegmatite types, likely around 350-500 °C [28, 45], from an aluminosilicate
melt enriched in dissolved water and volatile components (e.g., phosphorus). According to precursor
calculations, the temperatures of the final retrograde stages of the Pan-African metamorphic event
ranged from 550 to 650 °C [21]. High concentrations of volatile components and slow crystallization
led to the formation of minerals with well-developed crystallographic forms and elevated natural
radionuclide contents in this body. The absence of sharp boundaries with the host rocks and its dis-
tinctive mineral paragenesis allow it to be initially classified as a rare-element abyssal pegmatite
associated with S-type granitoids [46, 47].

According to current understanding, all the described pegmatite types belong to the abyssal
pegmatites of the LCT family, formed as a result of partial melting of one or more protoliths. High-
temperature varieties, such as borosilicate and rare-metal pegmatites, likely crystallized under
granulite-facies metamorphic conditions associated with the Pan-African orogeny. Other pegmatite
types formed at lower temperatures during subsequent stages of geodynamic evolution [23].

Conclusion

Based on the data obtained from comprehensive geological and geophysical studies and in agree-
ment with previous research, five distinct types of pegmatites are confidently distinguished within
the Larsemann Hills oasis: borosilicate D».3, rare-metal D4, K-feldspar D4’, muscovite post-D4, and
miarolitic post-D4’ pegmatites. These pegmatites predominantly occur within the Upper Proterozoic
paragneisses of the Broknes subformation. All are associated with different stages of the Pan-African
orogeny and correspond to the global Early Paleozoic peak of pegmatite formation. Field measure-
ments indicate that all pegmatite types are well differentiated by the morphology of pegmatite bodies,
zoning patterns, mineral composition, gamma spectrometry data, and in some cases, magnetic sur-
veys. For example, D23 pegmatites commonly form concordant vein-like and lens-shaped bodies,
characterized by rare borosilicate mineralization. Cross-cutting rare-metal D4 pegmatites, K-feldspar
D4’ pegmatites, and muscovite post-D4 pegmatites are localized within a zone of maximum develop-
ment of parallel north-northwest faults, interpreted as a weakened structural zone healed by the de-
scribed pegmatite formations. Within this same zone, the miarolitic pegmatite is also found, whose
nature and timing of formation raise the most questions. Maximum radionuclide concentrations are
observed in K-feldspar and miarolitic pegmatites, somewhat lower in rare-metal pegmatites, and the
lowest isotope contents are recorded in borosilicate and muscovite pegmatites.
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The information collected by the authors during the field season, along with the discovery of
new, previously undescribed geological bodies, expands the understanding not only of the history and
characteristics of pegmatite formation in the Larsemann Hills oasis but also of the geodynamic evo-
lution stages of the region and adjacent areas, such as the Indian craton and other fragments of the
former Gondwana. Future work will focus on detailed studies of the identified pegmatite types using
precise geochemical analyses of both primary and accessory minerals, refinement of the thermobaric
conditions of their crystallization, and determination of their absolute ages and formation sequence.

The authors express their sincere gratitude to the Russian Antarctic Expedition and the team of
Progress Station for their comprehensive support and technical assistance in the successful imple-
mentation of the geological and geophysical program on the Broknes Peninsula. The authors also
thank their colleagues from the Institute of Precambrian Geology and Geochronology of the RAS for
their active participation in the processing and interpretation of the obtained data.
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