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Abstract—This paper presents numerous new data on the geochemical composition of olivine, clinopyroxene,
and leucite phenocrysts, as well as spinel inclusions in olivine and quench glass from lamproites of Gaussberg
volcano (East Antarctica). Most of the olivine phenocrysts in the Gaussberg lamproites are high Mg varieties
(Fogg_g1) with elevated Ni contents (up to 4900 ppm) and high Ni/Co ratios. According to data of about
320 clinopyroxene analyses, two groups of diopsidic phenocrysts have been established. Group 1 consists
mainly of high-Mg varieties (Mg#>80), while group 11 clinopyroxenes are less magnesian (Mg# 52—80). The
main difference between the clinopyroxenes of the two groups is the elevated contents of Al,O3, FeO and
reduced TiO,, Cr,03, and NiO in the compositions of group II compared to group I, as well as different con-
tents of trace elements, which may reflect their crystallization from different types of primary melts. Accord-
ing to the study of ~550 grains of leucite phenocrysts in the Gaussberg lamproites, it was shown that they cor-
respond to the ideal stoichiometry of leucite K[AISi,Og4] and are enriched in Na,O (0.05—0.35 wt %), but
depleted in K,0 (19.9—20.9 wt %) compared to leucites from lamproites of other provinces. The BaO content
reaches 0.3 wt %, SrO —0.04 wt %. The iron content in most leucite phenocrysts varies within 0.7—1.2 wt %
Fe, 03, but some grains have the low Fe,O5 contents (<0.5 wt %). In leucite microlites of the groundmass and
rims of phenocrysts, the Fe,0; content can reach 2.4 wt %, which may indicate more oxidized conditions at
lava eruption. Based on the study of natural samples, existing experimental data and numerical models, the
order and conditions of crystallization of the Gaussberg lamproites were obtained. Crystallization proceeded
in the following order: chromian spinel — chromian spinel + olivine — olivine + leucite (£ chromian spi-
nel) — olivine + leucite + clinopyroxene (x chromian spinel). The near-liquidus assemblage represented by
high-Mg olivine phenocrysts with inclusions of Cr-spinel was formed in the temperature range from 1180 to
1250°C. Further crystallization of the melt with the formation of an association of olivine+leucite+clinopy-
roxene phenocrysts could occur at pressures below 2 GPa and temperatures of 1070—1180°C, corresponding
to the presence of water in the magmatic system. Estimates of the redox conditions of crystallization of lam-
proites obtained using different oxybarometers vary in a wide range from QFM-0.5 to QFM+2.3. The ele-
vated Ni contents in liquidus olivines of Gaussberg indicate the high nickel contents in the source. It is shown
that the formation of ultra-alkaline magmas in the Gaussberg volcano area is likely related to melting of the
continental lithosphere, which was heterogeneous and included both the peridotite mantle and hydrous
pyroxenite fragments.

Keywords: olivine, clinopyroxene, leucite, lamproites, ultra-alkaline rocks, Gaussberg, Antarctica, pyrox-
enite, peridotite, redox conditions, crystallization temperature, mantle source
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INTRODUCTION
Lamproites are scarce ultra-alkaline magnesian
rocks having low CaO, Al,O;, and Na,O contents, ele-
vated Mg#, and high K,0/Al,0; and K,0/Na,O ratios
(Foley et al., 1987; Jaques et al., 1984). The manifesta-
tions of lamproite magmatism of different age were
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found in many regions of the Earth. These are, for
instance, Leucite Hills (Wyoming, USA), West Kim-
berly (Australia), ultra-potassic volcanics of the Medi-
terranean volcanic belt, the western part of the East
African rift, and volcanic fields in Northeast China
(Foley et al., 1987; Gupta, 2015). The reasons for the
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special interest to these rocks are related to the discovery
of diamonds in lamproites of West Australia (Sobolev,
1976; Atkinson et al., 1984; Jaques et al., 1984).

In spite of the comprehensive study of the problem
of lamproite formation during the last decades, their
origin remains controversial (Gupta, 2015). The for-
mation of lamproites is thought to be related to the
low-degree melting of enriched mantle, which
explains their unusual enrichment in incompatible
trace elements compared to other ultramafic mantle
rocks (Sun et al., 2014; Murphy et al., 2002; Foley and
Jenner, 2004). However, many questions remain
debatable, in particular, the depth of enriched mantle
source: whether it is located in subcontinental litho-
sphere mantle (SCLM) (Avanzinelli et al., 2008; Chen
etal., 2007; Chuetal., 2013; Davies et al., 2006; Prele-
vic et al., 2008; Zhang et al., 1995; Zou et al., 2003), in
asthenosphere (Choi et al., 2006), or in the transi-
tional mantle zone (Kiritani et al., 2013; Murphy
et al., 2002). It is believed that the origin of metasoma-
tizing fluids and/or melts that significantly enriched
their source is related to the involvement of deep-seated
asthenospheric mantle (McKenzie, 1989; Zhang et al.,
2000), subduction zone (Elburg, Foden, 1999), delam-
inated subcontinental lithospheric mantle (Choi et al.,
2006), transition mantle zone (Kiritani et al., 2013;
Murphy et al., 2002), or delaminated lower continen-
tal crust (Chu et al., 2013).

Experimental melting of ultramafic rocks enriched
in hydrous minerals (phlogopite or K-richterite) with
accessory ilmenite, rutile, and apatite yielded melts of
lamproite composition at 1.5 and 5 GPa (Foley et al.,
2022). These experiments showed that the important
components of mantle source of most magmatic rocks
were hydrous pyroxenites with diverse accessory min-
eral phases (Foley et al., 2022). Deep-seated high-K
melts formed during their melting could change their
composition through the interaction with host mantle
rocks of peridotite composition. This could lead to the
formation of basaltic volcanic rocks with peridotite
signatures due to the dilution of initial contribution of
hydrous pyroxenites, even though the temperature in
the source region remains much lower than the melt-
ing point of peridotite (Foley et al., 2022). The possi-
ble modification of magma composition during ascent
from a mantle source to the surface complicates the
unambiguous deciphering the origin of primary lam-
proite magmas. In addition, it is necessary to take into
account the heterogeneity of cratonic mantle both on
regional and local scales, for instance, the possible
presence of domains intersected by “veins” of melts of
different melting stages. Such local heterogeneity was
revealed for a source of alkaline magmas from the
Aldan shield (Chayka et al., 2020). For this reason, the
question of composition of source and primary ultra-
alkaline magmas should be individually solved for
each definite case with allowance for the evolution of
the given continental area. Generally, the origin of
lamproites is thought to be related to melting of
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reworked ancient sublithospheric mantle beneath the
Proterozoic—Paleozoic cratons in the presence of
essentially aqueous fluid at low CO, activity (Edgar
and Mitchell, 1997; Foley and Jenner, 2004; Sush-
chevskaya et al., 2014).

Lamproites of Gaussberg volcano (East Antarc-
tica) is the Earth’s only occurrence of this rock type in
form of pillow lavas, which erupted under subice con-
ditions and represent the Earth’s youngest lamproites
(56000 % 5000 years, Tingey et al., 1983) (Fig. 1). At
first, these rocks were termed leucitites owing to the
presence of leucite phenocrysts, but then were
renamed lamproites or leucite lamproites according to
the IUGS classification (International Union of Geo-
logical Sciences) (Smellie and Collerson, 2020). The
uniqueness of the Gaussberg ultra-alkaline rocks sig-
nificantly enriched in K,O (up to 11—12 wt %) makes
them important petrological object for study, espe-
cially with allowance for the influence of excess alkalis
on the temperature of generation and subsequent crys-
tallization of mafic magmas. Based on classification
(Foley et al., 1987), the lamproites of Gaussberg, as
those of West Kimberly, are ascribed to the group of
melts having the low CaO, A1,0;, and Na,O contents,
high Mg#, and high K,0/A1,0; ratio. Recent Mg and
Zn isotopic data showed that a source of the Gauss-
berg lamproites could be either subcontinental mantle
metasomatized by carbonate melts or residue of sub-
ducted carbonate-bearing sediments after melting in
the mantle transitional zone (Liu et al., 2022).

This work is dedicated to the detailed study of phe-
nocryst assemblage in the lamproites of Mt. Gaussberg,
which were obtained during 2" Soviet Antarctic Expe-
dition in 1956—1958 (Vyalov and Sobolev, 1959). For
this purpose, we analyzed the major and trace element
compositions of the main mineral phases (olivine, clin-
opyroxene, leucite, and spinel), as well as quench glass,
using modern analytical methods, which significantly
expanded the results of previous mineralogical studies
of the Gaussberg lavas (Foley, 1985; Foley and Jenner,
2004; Salvioli-Mariani et al., 2004). One of the main
tasks of this study was to estimate physicochemical con-
ditions and order of the crystallization of high-K
Gaussberg magmas, as well as to determine the contri-
bution of pyroxenites in a mantle source of lamproite
melts based on obtained analytical data.

GEOLOGICAL POSITION
OF GAUSSBERG VOLCANO

Mount Gaussberg (Fig. 1) is located on the east-
ern coast of the Princess Elizabeth Land (Kaiser Wil-
helm IT Land) (coordinates of 66°47” S, 89°18” E). It
was produced by subice volcanic eruption and rep-
resents an isolated cone approximately 370 m high
(Golynsky and Golynsky, 2007). The surface of the
volcano is covered by pillow lavas in which separate
pillows reach 0.5—2 m across and frequently have well
Vol. 61
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Fig. 1. Position of sampling stations in the topographic scheme of Mt. Gaussberg (Sushchevskaya et al., 2014). Observation points
(op) 1-3, 15—24 are located near the foot of the southern slope of the volcano and are not seen in the presented sampling scheme.
The distribution of the studied samples over observation points (op): 1—sample 458 (0OG2); 2—samples 459 (0G?3), 460 (OG4),
461 (OGS); 4—samples 462 (0G6), 464 (OG8), 5—sample 465 (0GY9); 7—samples 468 (G12), 469 (G13),470 (G14), 482 (G26);
8—sample 471 (G15); 10—samples 475 (G19), 476 (G20); 11—sample 477 (G21); 13—sample 479 (G23); 14—sample 480 (G24).
Gray boxes show sampling stations in the Australian expeditions (Sheraton and Cundari, 1980).

preserved black glassy quench crust 3—5 cm thick, as
well as lava fragments or tuff breccia. The volcano was
found in 1902 during German Antarctic Expedition of
the Gauss vessel which gave name to the volcano (Von
Drygalski, 1989). Later, this area was studied during
the First and Second Soviet Antarctic Expeditions in
1955—1958 (Vyalov and Sobolev, 1959; Glebovsky,
1959), as well as during the Australian Antarctic Expe-
ditions in 1977, 1987, and 1997 (Sheraton and Cund-
ari, 1980; Golynsky and Golynsky, 2007).

According to data of echolocation and RADARSAT
system, Gaussberg volcano sits on the Gaussberg
Ridge extending for over 500 km (Golynsky and
Golynsky, 2007). Submarine part of the ridge extends
up to the volcanic structures of Kerguelen Island,
while terrestrial part is exposed on the Antarctic coast,
continuing up to Mt. Brown (Leitchenkov and
Guseva, 2006). The inferred Gaussberg rift, on which
volcanic edifices sit, was likely initiated simultane-
ously with the Lambert Graben and ascribed to the
Lambert rift system (Leitchenkov and Guseva, 2006;
Golynsky and Golynsky, 2007).

According to K-Ar dates, the Gaussberg lamproites
were formed in the Late Pleistocene (56000 £ 5000 years,
Tingey et al., 1983).
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Previous studies of the composition of the Gauss-
berg lavas showed that pillow lava samples taken in dif-
ferent points of the volcano and ascribed to different
lava flows have close chemical composition, which
varies in narrow ranges and represents high-K (11—
12wt % K,0), rocks that are extremely enriched in
trace elements and correspond to lamproites (Sher-
aton and Cundari, 1980; Sheraton, 1981; Murphy
et al., 2002; Sushchevskaya et al., 2014).

The Sr and Nd isotope composition of the lam-
proite lavas of Gaussberg indicates an extremely high
enrichment of a mantle source (Williams et al., 1992;
Nelson et al., 1986; Murphy et al., 2002; Sush-
chevskaya et al., 2014). The initial Nd isotope compo-
sition varies from —13 to —15 (eNd), while #7Sr/3¢Sr,
from 0.7092 to 0.7109. According to (Nelson et al.,
1986), the enrichment age for a source of the Gauss-
berg lamproite melts is estimated at 1.4—1.8 Ga using
U-Th—Pb isotopic system. Nelson et al. (1986)
believe that the lamproites were derived from very old
mantle source, which had high U/Pb ratio at the early
evolution stage, and younger source with lowered
U/Pb, which are typical of tholeiitic oceanic melts
(MORB, mid ocean ridge basalts) at the late stage.
Based on the Pb isotope variations, the mantle source
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of the lamproites of Gaussberg volcano involved
ancient material that was depleted in lithophile ele-
ments, i.e., uranium (low U/Pb), which led to the low
206pp /204Pp ratios, but was enriched in 2’Pb and 2°*Pb
(Sushchevskaya et al., 2014). This could be caused by
the input of “ancient” uranium (in which the fraction
of U was much higher than in the modern uranium)
and thorium.

SAMPLES AND METHODS

In this work, we studied the compositions of min-
eral and glassy phases in 16 lamproite samples from
Mt. Gaussberg, the chemical and isotopic composi-
tion of which was previously described by Sush-
chevskaya et al. (2014). The majority of the studied
samples have close petrographic features, mineralogi-
cal and chemical composition. Due to the composi-
tional homogeneity, the Gaussberg lavas were not
divided into groups but were considered as a whole,
which was also made in previous studies (Sheraton and
Cundari, 1980; Murphy et al., 2002).

Rock samples represented fragments of unaltered
pillow lavas 1—2 kg in weight with glassy, aphanitic, or
porphyritic texture. The lavas are porous, and pore
sizes increase from rim to core of the pillows. The typ-
ical Gaussberg lamproites have the following modal
composition: phenocrysts of olivine (10%), clinopy-
roxene (5%), leucite (20—40%), as well as glassy or
aphanitic groundmass (30—60%) (Figs. 2a, 2b, 3, 4).
The phenocrysts are usually 0.3—2 mm in size and
occur as separate euhedral and subhedral grains, and
as glomeroporphyric intergrowths (Figs. 2¢, 2d). The
olivine phenocrysts contain inclusions of chromian
spinel (Fig. 2f). The leucite and olivine contain glassy
melt inclusions (Figs. 2b, 2d). The groundmass is
made up of quench glass and microlites of leucite,
clinopyroxene, phlogopite, and apatite (Figs. 2a, 2b).
Some samples contain large grains of leucite (up to
2 mm) of irregular shape, with traces of secondary
alterations and frequently forming intergrowths with
green clinopyroxene (Fig. 2f, Suppl. 1).

For analytical studies, phenocryst grains and frag-
ments of quench glass collected from ground samples of
the Gaussberg lamproites (fraction of 0.25—1 mm) were
mounted into pellets with epoxy resin 2.5 cm across.
Over 390 olivine phenocrysts (Suppl. 2, Table S2),
320 clinopyroxene grains (Suppl. 2, Table S3a, S3b, S3c),
550 leucite grains (Suppl. 2, Table S4) and quench
glass (~ 30 analyses) were analyzed in studied samples
at the Max Plank Institute for Chemistry (Mainz,
Germany or MPI-Mainz) on an X-ray Jeol JXA 8200
Superprobe microprobe. The compositions of olivines
were analyzed at an accelerating voltage of 20 kV and
probe current of 300 nA using procedure developed by
(Sobolev et al., 2007; Batanova et al., 2011). The
26 error was 20—30 ppm for the measurements of Ni,
Ca, Mn, Al, Ti, Cr, and Co contents and 0.02 mol %
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for forsterite olivine component. Spinel composition
was measured at 20 kV and probe current of 80 nA. The
synthetic standard P&H Developments Ltd., Calibra-
tion Standards for Electron Probe Microanalysis, Stan-
dard Block GEO for all elements and rhodonite for Mg
were used for calibration. The compositions of clinopy-
roxene and leucite were determined using conventional
technique at an accelerating voltage of 20 kV and beam
current of 20 nA. International natural minerals from
the Smithsonian collection, Washington, USA (Jarose-
wich et al., 1980) were used as standards. Standard ZAF
correction was applied to analyses of all minerals.

Some analyses of olivine, as well as spinel inclu-
sions (15 analyses) in olivine phenocrysts (Suppl. 2,
Table S5) were made on a JEOL JXA 8230 microprobe
at the ISTerre, University of Grenoble Alpes, using
high-precision trace element determination (Bata-
nova et al., 2015). With this technique, olivine, in
addition to Mg, Fe, and Si, was analyzed for trace Na,
Al, P, Ca, Ti, Ni, Mn Zn, Cr, and Co. The following
parameters were applied: accelerating voltage 25 V, a
probe current of 900 nA on a Faraday cup. Trace ele-
ments were measured on five wavelength dispersion
spectrometers, while major elements were measured on
an energy dispersive spectrometer. The counting time in
one point was 12 min. The San Carlos USNM
111312/44 reference olivine (Jarosewich et al., 1980) was
analyzed three times after every 30 points. This allowed
the control and correct the instrumental drift. The ana-
Iytical reproducibility established by repeated measure-
ment of olivine standard as two standard deviations
from mean accounts for 4—10 ppm for most trace ele-
ments, 15 ppm for Na, and 300 ppm for major elements.

The contents of trace elements in clinopyroxenes
and some olivines were determined at the Max Plank
Institute for Chemistry (Mainz, Germany) by induc-
tively coupled plasma mass spectrometry LA-ICP-MS
on a Thermo Finnigan Element 2 mass spectrometer
coupled with a Merchantek 213 nm New Wave UP213
laser ablation microprobe. The diameter of laser beam
was 80 um. A mixture of helium and argon was used as
a gas carrier. The background was ablated for 20 s,
while sample, for 80—100 s. The reference glasses
KL2-G and NIST 612 were used as standards. Cal-
cium contents obtained on microprobe were taken as
internal standard for recalculation of intensities for
clinopyroxenes. The measurement accuracy for most
elements was no less than 4% (Batanova et al., 2015).
The contents of trace elements in olivine were also
determined by LA-ICP-MS at GEOMAR, Kiel,
Germany. Analyses were carried out on an Agilent
7500s mass spectrometer attached to the GeolasPro
Cogerent laser ablation system. The beam size was
60 microns. Other conditions of analysis and stan-
dardization were similar to those described in
(Sobolev et al., 2016).

Quench glasses (Suppl. 2, Table S1) were analyzed
on an electron microprobe at the Max Plank Institute
Vol. 61
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tions in transmitted light, without analyzer). (a) A general view of the rock (sample #458): phenocrysts and microphenocrysts of
olivine and leucite, as well as pores in finely crystallized groundmass consisting of microlites of leucite, clinopyroxene, with pos-
sible presence of apatite. (b) Groundmass of the rock (sample #1/5): microlites of leucite, clinopyroxene, and phlogopite. Leucite
microphenocryst contains melt inclusions. (c—d) Intergrowths of leucite, olivine, and clinopyroxene phenocrysts (samples 458
and #1/5). (e) Olivine microphenocryst with chromian spinel inclusions; (f) intergrowth of large leucite phenocryst with traces
of secondary alteration and green clinopyroxene phenocryst (sample #1/5). Abbreviations: O/—olivine, Lc—Ileucite, CPx—clin-
opyroxene, Sp—chromian spinel, MI—melt (glassy) inclusion, Ph/—phlogopite. Additional microphotographs of the Gaussberg

lamproites are listed in Suppl. 1.

for Chemistry, Mainz, Germany on an X-ray analyzer
equipped with a Jeol JXA 8200 Superprobe micro-
probe, as well as with LA-ICP-MS at the GEOMAR,
Kiel, Germany, using technique described in (Sobolev
et al., 2016).

COMPOSITIONS OF QUENCH GLASSES
AND PHENOCRYSTS

Quench Glass
The Gaussberg lamproites are unique in the pres-
ence of fresh quench glasses formed by subice erup-
tion. The compositions of quench glasses determined

GEOCHEMISTRY INTERNATIONAL Vol. 61 No.9

in this work and the bulk compositions of the studied
samples published in (Sushchevskaya et al., 2014) are
given in Table S1 (Suppl. 2) and in Figs. 5, 6, 7. As
was shown above, the bulk compositions of the
Gaussberg lamproites vary within narrow ranges
(51.5-53.5 wt % SiO,, 7.5—8.3 wt % MgO) (Fig. 5).
The homogeneity of bulk compositions of the Gauss-
berg lavas, unlike glasses of Gausberg, rather reflects
insignificant contribution of crystallization and pre-
cipitation of phenocrysts from melt at the early stages
of magma ascent. This led to the absence of differenti-
ation trend, unlike other lamproite series, for instance,
West Kimberly (West Australia) and Leucite Hills

2023



916

Cpx rim

Cpx core

MIGDISOVA et al.
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Fig. 3. Images of area of sample #475, obtained using electron microprobe. (a), (b), (c) Al, Fe, and Ca distribution maps (ele-
ments concentrations decrease from red to dark-blue), (e) Back-scattered electron (BSE) image. Shown are phenocrysts: olivine (O/),
clinopyroxene (Cpx), and leucite (Lc) in a partly crystallized groundmass consisting of quench glass (Glass) with microlites.

(Wyoming, USA) (Murphy et al., 2002). Thereby, the
compositions of quench glasses in the Gaussberg lavas
define a differentiation trend from relatively primitive
compositions (51.5 wt % SiO,, 6.7 wt % MgQO) to more
evolved rocks (56.8 wt % SiO,, 1.6 wt % MgO) (Fig. 5).

The glasses of the Gaussberg lamproites have suffi-
ciently high contents of volatile components (Fig. 6).
A systematic decrease of phosphorus concentration
(from 1.9 to 0.7 wt % P,0s) with differentiation of
residual melt could be explained by apatite crystalliza-
tion. The contents of sulfur and chlorine, in contrast,
increase (from 0.02 to 1.0 wt % S and from 0.13 to
0.27 wt % Cl) with melt evolution. Such trends could
indicate the accumulation of these volatile compo-
nents in the melt in intermediate chambers and subse-
quent rapid quenching at magma ejection.

Based on the contents of trace lithophile elements,
the compositions of quench glasses inherit character-
istic features of the bulk compositions of Gaussberg
lamproites. The primitive mantle-normalized distri-
bution patterns of lithophile elements show Ba, La,
Pb, Sr, Zr, and Hf maxima and U, Nb, Ta, and Sm
minima (Fig. 7).

GEOCHEMISTRY INTERNATIONAL

Olivine

Olivine phenocrysts in the Gaussberg lamproites
are usually colorless, but sometimes have pale yellow
tint. Some olivine phenocrysts contain glassy melt
inclusions or inclusions of chromian spinel (Fig. 2f).

The microscopic and microprobe studies revealed
that olivine has no major and trace-element zoning
(except for phosphorus), but its rim differs in compo-
sition from the core (Fig. 3). Figure 8 shows the ele-
ment distribution maps of typical olivine grain in the
Gaussberg lamproites. It is seen that the grain is com-
positionally homogenous, and only its rim is enriched
in Ca and Fe, which can indicate its crystallization
from more evolved melt or a change of composition of
marginal part of olivine through the re-equilibration
with residual melt. However, in terms of phosphorus
content, the grain shows multiple oscillatory zoning,
which may indicate the different rate of the grain
growth at different crystallization stages (P-rich zones
are formed at rapid crystal growth) (Milman-Barris
et al., 2008). The absence of zoning for other trivalent
cations in olivine grain (Cr and Al) may indicate a rel-
atively long residence time of phenocrysts in a hot
Vol. 61

No.9 2023



COMPOSITION OF PHENOCRYSTS IN LAMPROITES OF GAUSSBERG VOLCANO

2| Sample 461

Phl

5.0k 330 10 um

< SEE As
JEOL COMP  15.0kV

917

Sample 461}

Fig. 4. BSE images of groundmass in the studied lamproite samples of Gaussberg volcano. (a—b) Sample #461: microlites of leu-
cite (Lc), diopside (Di), and phlogopite (Phl) are embedded in a glassy mass (Glass). (¢) Sample #475: microlites of leucite (Lc),
diopside (Di), and apatite (Ap) are distributed in a glassy matrix; d) sample #479: area of sample at the contact of quench glass
(Glass) and aphanitic groundmass. Round pit is the crater remained after glass analysis with LA-ICP-MS.

magma, which caused the re-equilibration of concen-
trations of these elements within a single grain, as for
divalent cations (Milman-Barris et al., 2008). Thereby,
phosphorus zoning in olivine has been preserved due
to the extremely low diffusion rates for this element in
olivine (Milman-Barris et al., 2008).

Among ~ 400 analyses of selected olivine phe-
nocrysts, high-Mg olivines Fo 89—91 account for
practically 95% (Table S2, Suppl. 2). At the same
time, scarce phenocrysts contain higher Fe olivines
(up to Fog,), which indicates the melt fractionation.

Variations of trace element contents in the Gauss-
berg olivines demonstrate systematic changes corre-
sponding to the melt evolution during crystallization.
There are accumulation trends of Mn from 1100 to
3000 ppm, Co from 110 to 180 ppm, whereas Ni and
Co contents decrease from 4800 to 1800 ppm and from
500 to 100 ppm, respectively (Fig. 9). To reveal the
compositional features of olivine phenocrysts from the
Gaussberg lamproites, they were compared with liter-
ature data on similar geological objects. Figure 9
reports compositions of olivine from picritic lavas and
lherzolite inclusions in lavas of the Jetty alkaline prov-
ince, which is located in East Antarctica and was
formed in relation with the Kerguelen plume activity
at ~ 117—110 Ma (Sushchevskaya et al., 2018). The

GEOCHEMISTRY INTERNATIONAL Vol.61 No.9

high-Mg Jetty ultra-alkaline association shown for
comparison contains 20—25% olivine, ~ 1—2% pyrox-
ene, and ~ 5% Ti-magnetite with varying admixture
of phlogopite and carbonates, which was formed
through melting of metasomatized continental man-
tle at 7~ 1270°C and at depth around 130—140 km
(Sushchevskaya et al., 2017). Lherzolite mantle inclu-
sions in the Jetty alkaline lavas reflect the composition
of continental mantle beneath East Antarctica (Sush-
chevskaya et al., 2017). Figure 9 also demonstrates
variations of olivine from mafic tholeiitic magmas of
South Atlantic (PetDB, shown by field) and flood
basalts of the Queen Maud Land (Antarctica)
(Grantham et al., 1996). It should be noted that the
Gaussberg olivines differ from other olivines in the
elevated Ni contents and high Ni/Co ratios. Com-
pared to the olivines from the Jetty alkaline province,
they have the higher Ni and Ca contents and lowered
Al concentrations.

Thereby, single high-Mg olivines differ in the low-
ered contents of calcium (< 1000 ppm Ca) and alumi-
num (< 20 ppm Al), which are close to those of olivines
found in mantle nodules from the Jetty oasis (Fig. 9).
The Ca contents in most magnesian Gaussberg olivines
are higher (~ 1000 ppm) compared to the Jetty olivines
(500 ppm), but lower than Ca contents in olivines from
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the Antarctic flood-basalt province (1800 ppm). The
values of Mn content and Mn/Fe ratio in the Gauss-
berg olivines are higher than in olivines from alkaline
picrites and lherzolite nodules from the Jetty oasis, but
are lower than those from olivines of the Queen Maud
Land. The NiO/CoO ratio in the magnesian olivines
of Gaussberg (~40) is much higher than that of the
Jetty alkaline picrites (~20). In olivine Fogy and lower,
this parameter sharply decreases, approaching 15,
which is close to the values of these ratios in the Jetty
olivines (Fig. 9).

Figure 10 shows variations of Li, Ti, Zn, and V/Sc
in the studied samples. The Li content (~5 ppm) in
olivines from the Gaussberg lamproites are lower Li
than those of the Mediterranean olivines, but are
higher compared to olivines from ocean-island basalts
(0—3 ppm) (Foley et al., 2013). According to (Foley
etal., 2013), the elevated Li contents (from 10 to
45 ppm) in the alkaline basalts of the Mediterranean
volcanic belt could be related to the admixture of con-
tinental sediments in a source. Thereby, the Li content
in olivines from peridotites is no more than 1—5 ppm,
usually accounting for 2 ppm (Foley et al., 2013).

The Zn content in olivines of the Gaussberg lamproi-
tes varies within a narrow range from 130 to 160 ppm,

GEOCHEMISTRY INTERNATIONAL Vol. 61 No.9

whereas olivines from the Mediterranean lamproites
contain from 100 to 300 ppm Zn. The Ti content in the
Gaussberg olivines accounts for from 80 to 120 ppm,
which corresponds to the compositional range of
Mediterranean olivines (from 40 to 120 ppm), but is
lower than in olivines from common continental or
within-plate basalts (Prelevic and Foley, 2007; Prele-
vic et al., 2013). The values of V/Sc ratio in the Gauss-
berg olivines account for 0.8—0.9, which is lower than
the V/Sc ratio (from 1 to 5) determined in olivines
from the Mediterranean alkaline rocks.

Clinopyroxene

In this work, we studied ~ 300 separate clinopyrox-
ene phenocrysts in samples from all sampling stations.
Clinopyroxene phenocrysts in the Gaussberg rocks are
represented by sufficiently large greenish subhedral
grains up to 2 mm in size. The compositions of clino-
pyroxene phenocrysts lie within a wide Mg# range
from 92 to 52 (Tables S3a, S3b, S3c, Suppl. 2). Most
part (~ 90%) is represented by high-Mg clinopy-
roxenes (Mg# = 88—92). Variations of major compo-
nents in clinopyroxenes from different sampling sta-
tions are close. The clinopyroxene phenocrysts show
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(2014).

no zoning, but single grains contain core with elevated
Fe and Al contents, which is surrounded by higher Mg
rim (Fig. 3, Suppl. 1). Based on the characteristic dif-
ferences in the content of some chemical elements, the
clinopyroxenes are subdivided into two groups: group I
is the main generation of clinopyroxene phenocryst
and group II includes a few clinopyroxene grains that
frequently compose central parts of large phenocrysts
(“green cores”) (Fig. 3). Group I consists mainly of
high-Mg varieties (Mg# > 80, although some grains
ascribed to this group have Mg# up to 69.5), with
MgO content of 13—19 wt % and differs in the elevated
contents of TiO, (from 0.6 to 1.7 wt %), Cr,0; (from
0.05to 1.2 wt %), NiO (0.02—0.07 wt %), and lowered
contents of FeO (2.5—5wt %) and Al,O5 (< 1.2 wt %).
Group Il is mainly represented by the lower Mg clino-
pyroxenes (Mg# 52—83) with MgO content from 10 to
16 wt %. It differs from group I in the elevated contents

GEOCHEMISTRY INTERNATIONAL

of Al,O; (from 0.7 to 4.5 wt %) and FeO (from 2 to
16 wt %) at lowered contents of TiO, (0.1—0.6 wt %),
Cr,05 (< 0.1 wt %), and NiO (< 0.02 wt %) (Fig. 11).
The CaO concentrations in group I vary from 20.5 to
24 wt %; approximately the same range is typical of
group II. The Na,O contents in group I clinopy-
roxenes (0.05—0.50 wt % Na,0O) in general are lower
than those of group 11 clinopyroxene (0.56—0.95 wt %
Na,0), reaching 1.2—1.8 wt % Na,O in some grains
(Fig. 11f). The average composition of group I clinopy-
roxenes recalculated for end members is expressed as
Eny, ;Woy, ;Fss, while that of group 11, is Eng, (Woy, 4Fs6
(Suppl. 2, Tables S3a, S3b). According to the modern
classification (Morimoto et al., 1988), both clinopy-
roxene groups fall in the diopside field, although sim-
ilar high-Fe cores in the previous mineralogical stud-
ies of the Gaussberg lamproites were termed salites
Vol. 61

No.9 2023
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Fig. 8. Electron microprobe images of typical olivine phenocrysts from the Gaussberg lamproites (sample #469-4). (a) BSE
image. (b—f) distribution maps of Al, Ca, Cr, Fe, and P. Olivine contains elongated glassy inclusion. High-resolution images are

given in Supplementary 4.

according to the earlier classification (Foley and Jen-
ner, 2004; Poldervvart and Hess, 1951).

Based on the major element composition, the
group I clinopyroxenes from the Gaussberg lamproites
are close in composition to the phenocrysts in high-K
rocks of the Leucite Hills province, Wyoming, USA,
and wyomingites of West Kimberly (West Australia)
(Gupta and Yagi, 1980). Thereby, they differ from
clinopyroxenes in Antarctic rocks (alkaline basalts of
the Hobbs coast and flood basalts of the Queen Maud
Land) have the lower Al,O; content (Fig. 11a). Group
II clinopyroxenes of Gaussberg in terms of Ti, Cr, and
Al contents are closer to the fractionated compositions
of clinopyroxenes of Antarctica (Figs. 11a, 11b).

The trace-element contents in the Gaussberg clin-
opyroxenes are listed in Table S3c (Suppl. 2). The
content of trace elements in group II clinopyroxene
principally differs from that of group I compositions,
which once more confirms the absence of genetic rela-
tion between two groups of clinopyroxenes. Thereby, it
should be noted that the clinopyroxene phenocrysts
within group I are characterized by homogenous
trace-element distribution, except for several analyses
(Fig. 12). The contents of lithophile elements (e.g., Zr,
La, V, Sc, Nb) in the clinopyroxene phenocrysts sig-
nificantly correlate with each other, but correlation
with major elements is not observed (Suppl. 3).

In terms of trace-element content, the Gaussberg
clinopyroxenes principally differ from clinopyroxenes
in other volcanic rocks of Antarctica. Compared to the

GEOCHEMISTRY INTERNATIONAL Vol. 61 No.9

clinopyroxenes from the flood basalts of the Queen
Maud Land and alkaline basalts of the Hobbs coast
(Migdisova et al., 2004), the Gaussberg clinopy-
roxenes have the higher MREE and lower HREE con-
tents (Fig. 12). This peculiarity is likely related to the
fact that in the ultra-alkaline rocks, site M2 in the
crystal structure of clinopyroxene is greater than in the
clinopyroxenes from basaltic melts, and, respectively,
can be more easily occupied by highly incompatible
elements with high ionic radius (Carbonin et al.,
1989). The characteristic features of primitive mantle-
normalized lithophile element patterns of group I
clinopyroxenes of Gaussberg are Zr—Hf, Pb, and Ti
minima and Eu, La—Ce, and Th maxima. The dou-
ble Zr—Hf minimum could be related to the fact that
the melts were oversaturated in alkalis, with which Zr
and Hf could form complexes, thus preventing the
incorporation of these elements in the clinopyroxene
structure (Foley and Jenner, 2004; Ellison and Hess,
1994).

The trace element patterns of group II clnopy-
roxenes are peculiar in deep Sr and Ba anomalies,
and high Th—U and Pb maxima at the absence of
Zr—Hf minima and sharp HREE depletion, which
are typical of other patterns of the Gaussberg clino-
pyroxenes. The normalized trace-element pattern of
the Group II clinopyroxene is more similar to those
of phenocrysts in flood basalts from the Queen Maud
Land and alkaline basalts of the Hobbs coast (Migd-
isova et al., 2004) (Fig. 12).
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Fig. 9. Contents of Ni, Mn, Co, Cr, Ca, and Al and variations of characteristic Ni/Co and 100*Mn/Fe ratios versus forsterite
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Two clinopyroxene groups, “salite” or “green cores”
with elevated FeO, Al,O;, and Na,O contents and light
colored phenocrysts of low-Fe diopsidic clinopyrox-
ene, were previously distinguished in the Gaussberg
lamproites and other ultrapotassic volcanic rocks
(Gupta, 2015). Foley (1985) and Foley and Jenner
(2004) described that some clinopyroxene phenocrysts
of Gaussberg contain corroded salitic green cores,
which are surrounded by diopside shell. The composi-
tions of these green cores correspond to those of group
II distinguished in our work (Fig. 11). The bright green
clinopyroxene phenocrysts with elevated Al, Fe, and
sometimes Na contents were found also in the Shiprock
lamproites (USA) (Wagner and Velde 1986), Leucite
Hills (USA) (Barton and van Bergen, 1981), ultra-
potassic rocks of Italy and Greece (Barton et al. 1982;
Pe-Piper, 1984), and other volcanic rocks (Jankovics
et al., 2016; Genget al., 2022). In terms of composition,
the clinopyroxene phenocrysts and “green cores” from
leucitites of the Leucite Hills Province are close to
groups I and II of Gaussberg, respectively (Fig. 11).

Leucite

Fresh unaltered leucites in the lamproitic rocks are
extremely scarce. During secondary alterations, they

GEOCHEMISTRY INTERNATIONAL Vol. 61 No.9

are usually replaced by sanidine, analcime, quartz, car-
bonates, and zeolite (Gupta, 2015). However, leucite
phenocrysts in the Gaussberg rocks are mainly repre-
sented by unaltered well-shaped crystals, which could
contain glassy and fluid inclusions. However, some
samples contain large leucite grains (up to 2 mm) of
irregular shape with traces of secondary alterations,
which was previously mentioned in (Foley, 1985; Foley
and Jenner, 2004) (Fig. 2f; Suppl. 1). The phenocrysts
show no zoning, but reveal twinning related to the leu-
cite transition from cubic to tetragonal syngony at
~690°C (Peacor, 1968; Henderson and Taylor, 1969).

In this work, we obtained ~ 550 analyses of leucite
grains in the Gaussberg lamproites (Suppl. 2, Table S4).
The composition of the Gaussberg leucites corresponds
to the ideal leucite stoichiometry of K[AISi,Oq4]. The
leucites are enriched in Na,O (0.05—0.35 wt %), but
are depleted in K,O (19.9 to 20.9 wt %) and are char-
acterized by the lowered K,0/Al,O; compared to leu-
cites from lamproites of the Leucite Hills (USA) and
West Kimberly (Africa) provinces (Jaques et al., 1986;
Mitchell and Bergman, 1991) (Fig. 13). The BaO and
SrO contents in the leucite phenocrysts of Gaussberg
reach 0.3 and 0.04 wt %, respectively. The determina-
tion of contents of other trace elements, for instance,

2023



924

‘\\A\ X x§|>@o o

\\
~_A/

MIGDISOVA et al.

1 10 50
A1203, wt %
4.5

4.0
3.5
3.0+
2.5
2.0
1.5
1.0
0.5

1
—
[N}

TiO,, wt %

FeO, wt %
0.10 - (e)
0.09
0.08 |
_0.07f
& 0.06}
 0.05-
S 0.04
0.03|
0.02|
0.01}

wt

13
MgO, wt %

o Gaussberg, group I
A& Gaussberg, group 11
@ Gaussberg (lit., “diopside”)

A Gaussberg (lit., “green cores™)

X Leucite Hills (lit., “diopside™)

A Leucite Hills (lit., “green cores™)
+ West Kimberly
O Hobbs coast

x Queen Maud Land

Fig. 11. Variations of major oxides and magnesium number (Mg# = 100(Mg0/40.319)/((Mg0/40.319) + (FeO,/71.847)) for clino-
pyroxenes from the Gaussberg lamproites according to our and literature data (“diopside” —Foley, 1985; Foley and Jenner, 2004;
Salvioli-Mariani, 2004). Based on our studies, the compositions of group I and Il phenocrysts were distinguished in the Gaussberg
lamproites. Shown are compositions of clinopyroxene “green cores” in the Gaussberg lamproites according to (Foley, 1985; Foley
and Jenner, 2004). Compositions of clinopyroxene phenocrysts in the alkaline basalts of the Hobbs area, alkaline basalts of Antarc-
tica, Mesozoic flood basalts of the Queen Maud Land (Hart et al., 1997; Migdisova et al., 2004), and wyomingites of West Kimberly
(West Australia) (Gupta and Yagi, 1980) and Leucite Hills (Wyoming, USA) (Gupta and Yagi, 1980; Barton and Bergen, 1981) are
shown for comparison. Compositions of the main group of clinopyroxene phenocrysts (“diopside”) and “green cores” of clinopy-
roxenes (Barton and Bergen, 1981) for Leucite Hills leucitites (Barton and Bergen, 1981) are shown separately.

GEOCHEMISTRY INTERNATIONAL

Vol. 61 No.9 2023



COMPOSITION OF PHENOCRYSTS IN LAMPROITES OF GAUSSBERG VOLCANO

925

1000 -
100 -
E 10 b N\ O ls
@] :
S~
=
=9
SO
- XY — Gaussberg, Foley
gen e — Queen Maud Land
0.1+ -+« Hobbs coast
&7~ — Gaussberg, Group I
ﬁ/ = Gaussberg, Group II
= 415-26
0‘0] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
Ba Th Nb La Ce Sr Nd Zr Hf Sm Eu Ti Dy Er Y Yb
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REE, in the leucites is complicated by their extremely
low contents, which is explained by their too large
sizes to be incorporated into crystal lattice (Foley and
Jenner, 2004).

According to our and literature data, the Gaussberg
leucites can be subdivided into three groups based on
Fe composition (Fig. 13). Data points of leucites that
compose the central parts of phenocrysts form a field
with Fe,O; contents within 0.7—1.2 wt %, but some
grains contain Fe content less than 0.45 wt % Fe,O; or
are highly enriched in iron (1.2—2.0 wt % Fe,0;).
According to Foley (1985), the Gaussberg lamproites
contain two leucite generations: earlier generation rep-
resented by resorbed grains with lowered Fe,O;
(<0.3wt %) and generation of typical leucite phe-
nocrysts with Fe,O; content more than 1 wt %.
According to (Salvioli-Mariani et al., 2004), the phe-
nocrysts form a cluster with low Fe,O; content, while
Fe-rich leucites in the Gaussberg lamproites (1.3—
2.4 wt % Fe,0;) occur as microlites in the groundmass
and as thin rims around phenocrysts (Fig. 13).

The Fe,O; content in the Gaussberg phenocrysts is
close to that of the West Kimberly leucites, but is lower
than in the alkaline rocks of the Leucite Hills province
(Jaques et al., 1986; Mitchell and Bergman, 1991).
The Fe,0;, Na,0O, and K,O contents show no system-
atic variations with SiO, content in leucite phe-
nocrysts, which would be observed at crystallization
differentiation. It should be noted that the low-Fe
group of the leucite grains of Gaussberg differs also in
the lowered SiO, and elevated K,O contents compared
to typical phenocrysts (Fig. 13).

GEOCHEMISTRY INTERNATIONAL Vol. 61 No.9

Chromian Spinel

The analyzed compositions of spinel inclusions in
olivine phenocrysts (Fogy_q) vary within a more nar-
row range than those determined in (Foley, 1985)
(Fig. 14; Suppl. 2, Table S5). The Mg# (Mg# =
100Mg/Mg + Fe?*) of spinel varies from 57 to 51,
while the fraction of ferric iron (Fe3t# =
100-Fe3*/(Fe** + Fe?™)) varies from 29 to 37 (on aver-
age, 34). These values are lower than previously revealed
Fe# ~ 40 for the same Mg# range (Foley, 1985). The
chrome number (Cr# = 100Cr/(Cr + Al + Fe3*)) coin-
cides with the previously published data and accounts
for 84—77 (Foley, 1985). The Cr,0O; contents vary
from 50 to 60 wt % with decreasing Mg# of spinel,
whereas the contents of Al,O; (on average, 3 wt %),
MnO (0.23—0.31 wt %), NiO (0.2—0.25 wt %), and
V,0; (0.08—0.14 wt %) do not depend on the MgO
concentrations. The TiO, content (24—28 wt %) posi-
tively correlates with FeO (4.2—1.9 wt %) and nega-
tively, with Mg# (Fig. 14). The Cr,0; concentration
has a negative correlation with Al,O;: with increasing
Cr # of spinel, the Al,O; contents decrease, which is
typical of magmatic spinel (Sigurdsson, 1977).

CRYSTALLIZATION
OF THE GAUSSBERG MAGMAS

Order and Conditions of Crystallization
of the Gaussberg Lamproites

Our and previous petrographic investigations of the
Gaussberg lamproites showed that early crystallizing
phases are magnesian olivines and clinopyroxenes, as
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well as leucite, which form phenocryst assemblage
(Vyalov and Sobolev, 1959; Sheraton and Cundari,
1980; Foley and Jenner, 2004). Thereby, the first liq-
uidus phase of the Gaussberg lamproites is chromian
spinel, which occurs as inclusions in olivine phe-
nocrysts (Fogg_gq) (our data, Foley, 1985). The ground-
mass assemblage includes clinopyroxene, leucite, phlo-
gopite, and apatite.

Phenocrysts in the Gaussberg lamproites form
separate grains of euhedral and subhedral habit, but
some grains form glomerophorphyric intergrowths
(Figs. 2c, 2d; Suppl. 1). Vyalov and Sobolev (1959)
found an olivine crystal surrounded by clinopyroxene
crystals, which indicates the earlier crystallization of
olivine.

GEOCHEMISTRY INTERNATIONAL

The absence of characteristic petrographic evi-
dences does not allow us to reconstruct exactly the crys-
tallization order of phenocrysts based on the study of
natural samples. In this case, important information
can be obtained from experimental studies of lamproitic
magmas carried out under controlled conditions. There
are numerous experimental works on study of phase
equilibria in the ultra-potassic magmatic systems, but
only few experimental data are available on the Gauss-
berg lamproitic magmas (Gupta, 2015).

Experimental studies of crystallization of the
Gaussberg lamproite melt were carried out at atmo-
spheric pressure and different redox conditions by
(Foley, 1985). It was shown that at crystallization of
melt corresponding to the average bulk composition of
Vol. 61
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Fig. 14. Compositions of spinel inclusions in olivine phenocrysts from the Gaussberg lamproites according to our data and data

from (Foley, 1985). Oxide contents are given in wt %.

the Gaussberg lamproites under NNO (nickel—bun-
senite) or MW (magnetite—wustite) oxygen fugacity,
the first liquidus phase is olivine at 1260°C, which
with decreasing temperature by 10—20°C is appended
by leucite. Crystallization of clinopyroxene and chro-
mian spinel started at lower temperatures (<1200°C).
It should be noted that under more oxidized condi-
tions (at HM (hematite—magnetite) and MnH (man-
ganosite—hausmannite) buffers), crystallization of
olivine and leucite from the melt began simultane-
ously at 1260°C. The appearance of chromian spinel as
the first liquidus phase (at 1280°C) in experiments
(Foley, 1985) was attained by the addition of 0.2 wt %
Cr,0; in a starting composition. In these experiments,
crystallization of olivine together with leucite and chro-
mian spinel began at 1260°C within the entire studied
redox interval (from MW to HM). Inasmuch as experi-
mental series was carried out within a narrow (near-lig-
uidus) temperature range, the appearance of clinopy-
roxene expected at lower temperature was not noted.

Phase equilibria in the forsterite + diopside + leu-
cite (fo—Di—Lc) synthetic system (Fo—Di—Lc) was
studied in works by Gupta (1972) and Nag et al.
(2007). Dry experiments under atmospheric pressure
showed that the crystallization of melt in the Fo—Di—Lc
system from starting composition Fo,;DiszLc,s, which
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is close to the normative composition of the Gaussberg
lamproites, follows the sequence: O/ — + Lc — Ol +
Lc + CPx (with presence of significant amount of resid-
ual melt) (Gupta, 1972). Under these conditions, the
simultaneous crystallization of three phases occurs at
1296 + 3°C (normative composition of Fo;DigyLc;;). In
the water-saturated Fo—Di—Lc system at pressure of
100 MPa, simultaneous crystallization of three min-
eral phases occurred at a temperature of 880 + 5°C,
which is almost 400°C lower than that of the dry system
at atmospheric pressure (Nag et al., 2007). Thereby, the
position of this point is shifted toward leucite, thus
reflecting a decrease of the stability field of this mineral
to the water-saturated system (Fo;Dis,Lc,;) (Nagetal.,
2007). It should be noted that at given conditions
(water-saturated system at 100 MPa), the further tem-
perature decrease to 850 x 10°C leads to the phlogo-
pite crystallization simultaneously with olivine, leu-
cite, and clinopyroxene (Nag et al., 2007).

Experiments performed in the Fo— Di— Lc system at
pressure of 2.3 GPa and water-saturated conditions
showed that leucite is not crystallized at relatively high
pressure. Instead, phlogopite, kalsilite, and K-feldspar
become stable under these conditions (Nag et al.,
2007). Previously, the experimental study of the K,O—
Al,05;—Si0, system showed that at dry conditions and
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temperature of 1250°C, leucite is stable at pressures
below ~2 GPa, whereas at higher pressure, leucite is
decomposed into feldspar and kalsilite. At lower tem-
peratures, the pressure stability field of leucite becomes
narrower (Fasshauer et al., 1998). Under water-satu-
rated conditions, leucite is stable only at pressure below
0.5 GPa (Tuttle and Bowen, 1958; Morse, 1969).

Thus, the existing experimental data show that the
crystallization of olivine + leucite + clinopyroxene
assemblage from high-K melts is possible within suf-
ficiently wide range of redox conditions (from MW to
MH), while crystallization temperature strongly
depends on the water presence in the system.
Thereby, the leucite stability is constrained by pres-
sure below 2 GPa in dry systems and < 0.5 GPa in the
water-saturated systems.

The liquidus temperatures of the Gaussberg primi-
tive magmas were estimated using composition of
equilibrium pairs of spinel inclusions in olivine phe-
nocrysts Fogg_o;. Application of the thermometer
based on the Al,O; distribution between olivine and
spinel (Coogan et al., 2014) yielded the temperature
range 7 = 1180—1250°C. Method by Ballhaus et al.
(1991) gave even lower estimates of liquidus tempera-
tures of 1086—1219°C (Suppl. 2, Table S5).

Previously, the crystallization temperature of the
Gaussberg lamproite magmas was estimated by study
of melt inclusions in olivine and leucite in two samples
of the Gaussberg lamproites (Salvoli-Mariani et al.,
2004). Microthermometric studies showed that the
complete melting of glass in the inclusions occurs
within 1070—1140°C, but shrinkage bubble did not
disappear. Melting of host leucite began at 1213—
1238°C. These authors (Salvoli-Mariani et al., 2004)
also calculated the crystallization temperature of oliv-
ine based on the Fe—Mg partition coefficient between
olivine and liquid using equation of Ford et al. (1983).
The Fe3*/Fe?* ratio was calculated using the estimated
redox conditions of crystallization of the Gaussberg
lamproites at NNO—0.5, obtained in experimental work
(Foley, 1985). The equilibrium temperatures of melt
inclusions with host olivine calculated using this tech-
nique are within 1103—1158°C (Salvoli-Mariani et al.,
2004). The temperature ranges obtained by studying
melt inclusions are below experimentally determined
values at dry conditions (Foley, 1985; Gupta et al.,
1972), which may indicate that crystallizing magma
contained water that caused a decrease of liquidus
temperature (Nag et al., 2007). The low water content
(0.7 wt % H,0) in the Gaussberg quench glasses as
well as the presence of CO,-bearing fluid in quench
bubbles of melt inclusions have been previously
demonstrated for the Gaussberg lamproites (Salvoli-
Mariani et al., 2004). The presence of water accumu-
lating during magma fractionation is also confirmed
by the crystallization of phlogopite microlites in the
groundmass (Fig. 2b).
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Oxidation conditions of the Gaussberg lamproites
at ~ NNO buffer (which corresponds to ~QFM + 0.7)
were obtained in (Foley, 1985) based on the experi-
mental data and compositions of natural minerals.
The author noted the high Fe,O; contents in leucite
phenocrysts (up to 2 wt %) and the elevated Fe# in
spinel inclusions in olivine phenocrysts (~34). Foley
(1985) also reported that leucite is represented by two
generations with different Fe3*: the earlier leucite gen-
erations are significantly depleted in Fe** (~ 0.3 wt %
Fe,0;) compared to the late generation, which sug-
gests a change of oxygen fugacity from lower fO, below
MW buffer to NNO (~QFM + 0.7), i.e., magma oxi-
dation en route to the surface (Foley, 1985). Our study
based on the analysis of over 500 grains and petro-
graphic observations showed that typical leucite phe-
nocrysts contain 0.7—1.2 wt % Fe,0;, while low-Fe
grains occur rarely, in some samples, as altered partly
resorbed grains, sometimes in intergrowths with green
clinopyroxene (Figs. 13, 2e). Additional studies are
required to understand whether these low-Fe leucites
are the products of crystallization of the Gaussberg
lamproite magma at more reducing conditions. Sal-
voli-Mariani et al. (2004) showed that the elevated Fe
content is observed in leucite microlites from the
groundmass and thin rims around phenocrysts, and
likely corresponds to the more oxidized conditions
during ejection of the Gaussberg lamproitic magmas.

We estimated the redox crystallization conditions
of the Gaussberg lamproites using several techniques.
The calculations using olivine—spinel oxybarometer
(Ballhaus et al., 1991) correspond to the relatively oxi-
dized conditions within the range from QFM + 1.3 to
QFM + 2.3 (Suppl. 2, Table S5). Using olivine—spinel
oxybarometer (Nikolaev et al., 2016) yielded estimates
from QFM + 0.9 to QFM + 1.9. Estimates obtained
using oxybarometers based on the vanadium partition-
ing between coexisting olivine and melt (Canil and
Fedortchouk, 2001; Mallmann and O'Neill, 2013;
Shishkina et al., 2018) also show the more oxidized
crystallization conditions of magmas compared to
Foley data (Foley, 1985) within the range from QFM—
0.5 to QFM + 1.2 (Mallmann and O'Neill, 2013) or
from QFM + 1.4 to QFM + 3.5 (Canil and Fedort-
chouk, 2001; Shishkina et al., 2018). Model of Mall-
mann and O'Neill (2013), unlike the models by Shish-
kina et al. (2018) and Canil and Fedortchouk (2001),
takes into account the effect of presence of alkalis (K,O
and Na,0O) in melt, which is principal for the Gaussberg
ultra-potassic lamproites (Shishkina et al., 2023).

Thus, a complex study of natural samples in com-
bination with experimental data on phase equilibria
makes it possible to reconstruct the main trends in the
crystallization conditions of the Gaussberg lamproite
magmas. The first crystallizing phase is chromian spi-
nel, which occurs as inclusions in high-Mg olivine
crystals. The chromian spinel+olivine assemblage
could crystallize within a temperature range from 1180
Vol. 61
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to 1250°C. Further crystallization of magma with for-
mation of phenocryst assemblage in order of olivine —
olivine + leucite — olivine + leucite + clinopyroxene
and with capture of melt inclusions could occur at
lower temperatures within 1070—1140°C, which corre-
spond to the water presence in the system. The phe-
nocryst assemblage in the Gaussberg lamproites likely
crystallized in a shallow chamber (below ~500 MPa),
which corresponds to the leucite stability field in the
water-bearing systems (Tuttle and Bowen, 1958;
Morse, 1969). Crystallization of microlite assemblage
of clinopyroxene + leucite + phlogopite at quenching
lamproite magma corresponds to the experimental
observations at lowered temperatures (<850°C) in the
water-saturated system at 0.1 MPa (Nag et al., 2007).
Performed calculations show that lamproites could
crystallize within a wide range of redox conditions
from QFM—0.5 to QFM + 2.3, which is consistent
with existing experimental data (Foley, 1985). Differ-
ences in estimates of redox conditions of crystalliza-
tion of the Gaussberg ultra-alkaline magmas based on
the existing oxybarometers show that these techniques
are poorly applied to highly alkaline melts and require
special calibrations.

Presence of “Exotic” Clinopyroxene
and Leucite Phenocrysts

Based on the appearance and compositional pecu-
liarities, some clinopyroxene and leucite phenocrysts
principally differ from the main phenocryst generation
ofthe Gaussberg lamproites and rather crystallized from
other magma portions and at different physicochemical
conditions. The presence of aggregates or intergrowths
of resorbed leucite grains (up to 2 mm) and green clino-
pyroxene crystals in some samples may indicate their
simultaneous crystallization (Fig. 2f; Suppl. 1).

These minerals include group II clinopyroxene
phenocrysts, which usually compose resorbed or fused
“green cores”. They are peculiar in the elevated con-
tents of Al,O;, FeO, and Na,O at lowered contents of
TiO,, Cr,0;, and NiO and differ from typical clinopy-
roxene phenocrysts of Gaussberg (group I) in the trace
element composition (Figs. 11, 12).

The elevated Na and Al contents in the clinopyrox-
ene could reflect the relatively high pressure during
their crystallization (Thompson, 1977). The fact that
the Gaussberg clinopyroxene phenocrysts contain
high-Al cores and low-Al rims suggests two levels of
magma crystallization during ascent to the surface.
However, separation of two clinopyroxene groups of
Gaussberg based on Ti, Cr, and Ni contents and sig-
nificant differences in the trace element composition
exclude their crystallization from portions of related
magma. Principally different contents of trace ele-
ments in group II clinopyroxenes indicate that they
cannot be in equilibrium with melts of the main group,
which formed the upper part of Gaussberg volcano. It
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is possible that lavas ejected at the earlier stages are
absent in the upper part of the volcanic edifice. The
presence of “salite” phenocrysts in the ultra-potassic
rocks, including the Gaussberg lamproites, could be
explained by different mechanisms. They could be
xenocrysts captured by the Gaussberg lamproitic
magma from defragmented clinopyroxene-bearing
nodules (Barton and van Bergen, 1981) or obtained
through mixing of two different magma types (Barton
et al., 1982). At the same time, complex geochemical
studies, including isotopic composition of clinopyrox-
ene, of the primitive basalts in the northern China
Craton showed that the “green cores” of clinopy-
roxenes crystallized from differentiated portions of the
main basaltic magma (Geng et al., 2022). It was
demonstrated (Jankovics et al., 2016) that the clinopy-
roxene “green cores” in the alkaline basalts of the Car-
pathians—Pannonian regions are subdivided into dif-
ferent generations: xenocrysts entrapped from host
mafic granulites and phenocrysts formed at different
stages of magma evolution (Jankovics et al., 2016).

Among numerous leucite grains studied in the
Gaussberg lamproites, a group can be distinguished that
sharply differs from most typical phenocrysts. It is rep-
resented by large grains (up to 2 mm) with traces of
resorption and secondary alterations (Fig. 2f; Suppl. 1).
These leucites differ in the lowered contents of Fe and
Si and the elevated contents of K compared to typical
leucites. The presence of two leucite generations in the
Gaussberg lamproites allowed Foley (1985) to suggest
a change of oxygen fugacity in the system. The low-Fe
leucite (earlier generation) has crystallized under more
reduced conditions (much below the NNO buffer). At
the late stages, when magma approached the surface,
the main group of phenocrysts crystallized under
more oxidized conditions (at NNO buffer) (Foley,
1985). The crystallization of high-Fe leucite microlites
and rims around phenocrysts marks the more oxidized
conditions during magma ejection on the surface.

The question of origin of “green cores” of the
group II clinopyroxene with elevated contents of Al,
Fe, and Na and low-Fe leucite grains in the Gaussberg
lamproite magmas requires additional study.

Trace Element Partitioning between Olivine
and High-K Melt

The contents of trace elements in the olivine phe-
nocrysts of magmatic rocks are sufficiently low
(Table S2, Suppl. 1), except for Ni and Mn, concen-
trations of which could exceed 1000 ppm. The sizes of
most cations of incompatible elements are too large to
be incorporated easily in M1 and M2 sites having close
sizes. The incorporation in structure of Zr**, Sc3*, and
Li!* of suitable size requires charge compensation,
which leads to their lowered concentrations in olivine
(Kohn and Schofield, 1994). Conditions of generation
and crystallization also affect the entrapment of trace
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components in olivine crystals. The trace element par-
tition coefficients in olivine increase with melt differ-
entiation at decreasing temperature, decrease of MgO
contents, and the growth of SiO, concentrations
(Kohn and Schofield, 1994).

Nickel is the most compatible trace element in oliv-
ine. As shown by Koshlyakova et al. (2022) based on
analysis of the existing experimental data, the nickel

partition coefficient (Dﬂ'i/ M)strongly depends on the

melt composition and temperature (7). Thereby, both
T and alkali contents (Na and K) in the melt have a
negative correlation, whereas SiO, content in the melt

.o . . ol/M .
has a positive correlation with DNi/ . An increase of

SiO, content leads to the greater polymerization of the
melt and decrease of NBO/T (ratios of non-bridging
oxygens to the number of tetrahedrally coordinated
cations). In contrast, the K™ and Na* are modifier cat-
ions and prevent melt polymerization, forming the
great number of non-bridging oxygens and thus
increasing NBO/T (Mysen and Richet, 2018). Previ-
ously, a negative correlation between NBO/T melt

and Dg[i/ M was demonstrated in (Mysen and Virgo,
1980). Based on experimental data, Koshlyakova et al.
(2022) suggest that a negative effect of K content in the
melt is higher than that of Na, which is of great signif-

icance for lamproitic rocks.

It was assumed (Foley and Jenner, 2004) that the
nickel partition coefficient depends on the melt alkalin-

ity, and Dﬁ’i/ M increases with the growth of alkalinity

and can reach 60—80 in the ultra-alkaline melts (Foley
and Jenner, 2004). The values of nickel partition coeffi-
cients between olivine and mafic melts determined in
experimental studies lie between 2 and 20 (Koshlyakova

et al., 2022). Thereby, the highest D2/™M obtained in
experiment with mafic melt (54 wt % SiO,, 12 wt %
MgO, 2.7 wt % Na,0) at temperature 1250°C is 48

(Duke, 1976). The values of DY/ calculated in
(Shishkina et al., 2023) from the bulk compositions of
lamproites and olivine phenocrysts are 11—21, whereas
coefficients calculated from compositions of quench
glasses vary within 53—153. In (Foley and Jenner,

2004), the values of Dﬁli/ M calculated from composi-
tions of quench glasses varied within 62—95 (on aver-
age, 82). Calculations conducted using the model by
Koshlyakova et al. (2022), which takes into account
the effect of not only temperature but also the contents

of alkaline elements in melt, showed that the Dﬁ’/ M

value for the Gaussberg lamproitic melts is 27. In our
opinion, the high nickel partition coefficients for olivine
obtained by (Foley and Jenner, 2004) are explained by
incorrect choice of the melt composition. The quench
glasses of the Gaussberg lamproites are differentiated
melt portions that are disequilibrium with high-Mg

olivines, which is confirmed by KDy, it values within
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0.10—0.15, which do not correspond to equilibrium
(Toplis, 2005).

The trace element partition coefficients between
olivine and Gaussberg primitive melt were determined
in (Shishkina et al., 2023) compared to data on the
island arcs and mid-ocean ridge basalts. Note that the

oM . .
Dele/ment values in the Gaussberg olivines are close to

those of ugandites of the Bunyaruguru volcanic field
and leucite basanites of the Virunga volcanic field
(Foley et al., 2011).

In spite of the negative effect of alkali contents in

the melt on Dﬁli/ M olivines from ultra-alkaline mag-

mas show the highest Ni contents, which could be
caused by different reasons, and, first of all, by high Ni
contents in the magma generation source (Davis and
Smith, 1993), for instance, owing to the involvement
of pyroxenite-bearing mantle source.

Origin of Ultra-Potassic Lamproites
of Gaussberg Volcano

It is generally accepted that lamproitic melts are
generated by melting of metasomatized mantle
enriched in lithophile and volatile elements of litho-
spheric mantle with peculiar evolution in each definite
case (Gupta, 2015). New trace element data on miner-
als of the Gaussberg lamproites allowed us to obtain
additional information on the geochemical specifics of
lamproitic magmas and to estimate the nature of their
source.

The study of trace components in liquidus olivines
can be used to decipher their generation from peridotite
or pyroxene mantle (Sobolev et al., 2007). In particular,
the elevated Ni contents reaching 4900 ppm in the
Gaussberg liquidus olivines (Fig. 9) could indicate the
presence of olivine-free (pyroxenite) components in a
mantle source (Sobolev et al., 2007). Olivines with high
100*Mn/Fe and the lowest Ni/(Mg/Fe)/1000) are in
equilibrium with peridotite mantle, while olivines from
melts generated from pyroxenite (olivine-free) source
have the highest Ni/(Mg/Fe)/1000 and the lowest 100
Mn/Fe ratios (Fig. 14). The calculation of characteris-
tic parameter Xpy using proposed (Soboleyv et al., 2007)
formula (XpxNi = 10.54NiO/(MgO/FeO) — 0.4368)
for olivine phenocrysts in the Gaussberg lamproites
suggests the contribution from 30 to 60% (on average,
50%) of pyroxenite matter in a melting source
(XpxNi = 0.5) (Fig. 15).

Numerical modeling showed that recycled crustal
material, if occurs in ascending plume, will melt at a
depth of 150—170 km, thus forming andesitic melts,
which are interacted with peridotite protolith to form
reaction pyroxenite (Sobolev et al., 2005). During
further ascent, reaction pyroxenite melts at a depth of
150 km with formation of high-Mg ferropricrites. At a
depth of 100 km, mantle peridotite is involved in melt-
ing. The pyroxenite component in a source could be
Vol. 61
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formed both by assimilation of diverse crustal rocks
and delamination of root parts of the lithosphere
under plume impact (Sobolev et al., 2007). At the
same time, the enriched source could be also obtained
through metasomatic reworking of peridotite with for-
mation of clinopyroxene and phlogopite (e.g.,
Grégoire et al., 2002), thus leading to the crystalliza-
tion of olivines with elevated Ni concentrations and
lowered Mn content relative to Fe.

Different assumptions were made on the origin of
sources of ultra-potassic magmas. The study of lam-
proites from the Xiaogulihe Province led Sun et al.
(2014) to conclude that these magmas were derived
from the lower crustal phlogopite-bearing garnet
source. This is consistent with experimental studies
showing that lamproite (olivine—leucite) magmas
could be derivatives of high-K olivine—pyroxenite
melts, which were formed through the partial melting
of phlogopite-bearing harzburgites or lherzolites
under reduced conditions in the presence of hydrous
fluid (Gupta, 1972; Foley, 1989, 1993; Foley et al.,
2022). Primary melts derived from garnet pyroxenites,
unlike peridotites, should be enriched in Al,O; and
significantly depleted in CaO (Zou et al., 2003). How-
ever, the Gaussberg liquidus olivines are relatively
enriched in Ni, CaO, but are depleted in Al,O5, which
can be explained by the heterogeneity of pyroxenite
sources (Elkins et al., 2019; Sobolev et al., 2007).
Compared to olivines from the Quaternary Xiaogulihe
complex, the olivines of Gaussberg have sufficiently
low Fe/Mn ratio (on average, ~ 62), which suggests
more oxidized conditions of their generation (Herz-
berg, 2011; Kelley and Cottrell, 2009).

New experimental data show that important com-
ponents of mantle source for the formation of ultra-
potassic rocks are hydrous pyroxenites, which contain
phlogopite or K-richterite (Foley et al., 2022).
Thereby, initial magmas moving upwards could dis-
solve host peridotite rocks, which leads to the obliter-
ation of “pyroxenite signature”. In addition, the erup-
tion of alkaline lavas of different composition on the
adjacent territories also could be caused by the local
heterogeneity of mantle source (Chayka et al., 2020).

Unlike the high-Mg alkaline basalts of the Jetty
province, which are enriched in volatiles and, first of
all, in CO, (reaching up to 8 wt % (Sushchevskaya
et al., 2017)) and were formed by deep melting of vol-
atile-rich metasomatized mantle, the Gaussberg melts
are less enriched in volatiles. The quench glasses and
melt inclusions in the phenocrysts of the Gaussberg
lamproites contain CO, and H,O-bearing fluids and
other volatiles (S, Cl, P, F) (Savioli-Marziani, 2004;
our data), but their concentrations indicate that the
melt was undersaturated in volatile components. It is
possible that the volatiles were inherited from primary
melts derived from hydrous mantle source, for
instance, from the phlogopite- and K amphibole-
bearing pyroxenite. In addition, the Gaussberg melts
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Fig. 15. Genetic role of olivine compositions. (a) Assess-
ment of fraction of pyroxenite component in a melting
source of Gaussberg. Calculation of characteristic param-
eter Xpy was carried out using formula XpyNi =
10. 54N10/(Mg0/FeO) — 0.4368 (Sobolev et al 2007)
(b) compositional variations of olivines in the dlagram
100Mn/Fe — 100Ni/Mg (Sobolev et al., 2007), which
allows identification of pyroxenite and peridotite sources
for primary melts (shown by fields).

were initially enriched in U and Th, so-called continen-
tal signatures, which indicate the contribution of frag-
ments of continental lithosphere in melting (Sushche-
vskaya et al., 2014).

Based on isotope-geochemical studies, Sush-
chevskaya et al. (2017) proposed a model for the for-
mation of mantle source of the studied lamproites of
Gaussberg volcano from ancient material correspond-
ing to the 2.2—2.4-Ga Paleoproterozoic lower
crustal—upper mantle protolith mmixed with modern
plume material (Sushchevskaya et al., 2017). Condi-
tions for such mixing and melting could occur during
ascent and propagation of Kerguelen plume in the
vicinity or within the existing Antarctic—Indian spread-
ing zone (Frey et al., 2000).

Thereby, according to the thermochemical model
proposed by (Sobolev et al., 2009), conditions
required for deep melting of metasomatized mantle
could occur in the apical part of the plume beneath the
continental margin. Its subsequent melting could lead
to the appearance of low-degree enriched melts, some
of which reached the surface, while others were
retained and frozen in a mantle framework. This stage
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was responsible for the appearance of alkaline mag-
matism in East Antarctica and southeastern India
(Sushchevskaya et al., 2017). The local though attenu-
ated thermal impact of the Kerguelen plume continues
up to the present, which is indicated by the formation
of the Ross and Herd volcanic islands within the Ker-
guelen plateau (Sushchevskaya et al., 2014). The sub-
sequent plume-induced melting of ancient lithosphere
domains of the Antarctic margin, which included the
fragments of ultramafic rocks, pyroxenites, and veins
or dikes of enriched alkaline basalts formed at different
stages of the Gondwana evolution, led to the forma-
tion of lamproitic melts ejected by Gaussberg volcano.
The peculiar isotopic characteristics of these low-
degree melts correspond to enriched ancient conti-
nental mantle (Sushchevskaya et al., 2017).

Thus, the geochemical studies supplemented by
data on olivine composition suggest that the formation
of ultra-alkaline magmas in the Gaussberg volcano
area could be related to melting of ancient continental
lithosphere of Gondwana, which was heterogeneous
and contained both peridotite mantle and fragments
of hydrous pyroxenites.

CONCLUSIONS

Based on numerous new data (hundreds of analy-
ses) obtained using high-precision modern analytical
techniques, compositional variations of olivine, clino-
pyroxene, and leucite phenocrysts, as well as of spinel
inclusions in olivine and quench glasses from lamproi-
tes of Gaussberg volcano (East Antarctica) were estab-
lished. It was demonstrated that the majority of olivine
phenocrysts are represented by sufficiently high-Mg
compositions (Fo g9_q;) With elevated Ni content (up
to 4900 ppm). The study of a large data set of clinopy-
roxenes revealed two groups of coexisting clinopy-
roxenes, which differ in the Fe, Ti, Al, Cr, and Na
contents and proportions of lithophile elements and
are not related by a common differentiation trend. The
first group characterizes the compositions of typical
clinopyroxene phenocrysts that crystallized from the
Gaussberg lamproitic magma. The second group
(with elevated contents of FeO, Al,O;, and Na,O and
decreased contents of TiO,, Cr,0;, NiO), which in
previous works was termed “salite” or “green cores”
(Foley, 1985; Foley and Jenner, 2004), has crystal-
lized from different primary melts under distinct
physical and chemical conditions. The compositions
of typical leucite phenocrysts form a field with Fe,04
content within 0.7—1.2 wt %. However, some
resorbed leucite grains have the decreased iron con-
tents (<0.45 wt % Fe,0;) and likely crystallized at
more reduced conditions. The higher-Fe leucite
varieties (up to 2.5 wt % Fe,0;) are typical of micro-
lites or thin rims around phenocrysts.

The study of natural samples, existing experimental
data, and numerical models allowed us to decipher the

GEOCHEMISTRY INTERNATIONAL

MIGDISOVA et al.

order and conditions of crystallization of the Gauss-
berg lamproites. Crystallization occurred in the fol-
lowing order: chromian spinel — chromian spinel +
olivine — olivine + leucite (fchromian spinel) —
olivine + leucite + clinopyroxene (chromian spinel).
Near-liquidus assemblage represented by phenocrysts
of high-Mg olivine with inclusions of chromian spinel
was formed within a temperature range from 1180 to
1250°C. Further crystallization of the melt with for-
mation of olivine + leucite + clinopyroxene assem-
blage could occur at pressure below 2 GPa within the
temperature range of 1070—1180°C, which corre-
sponds to the water presence in the magmatic system.
The redox conditions of lamproite crystallization esti-
mated using different oxybarometers show wide varia-
tions from QFM—0.5 to QFM + 2.3, which highlights
the need for additional studies and calibration of oxy-
barometer equations for ultra-alkaline system.

Using modern geochemical approaches based on
the study of major and trace elements as well as their
ratios in liquidus olivines, the type of primary source of
Gaussberg magmas was determined. In addition to per-
idotite matter, melting involved rocks with signatures of
pyroxenite mantle. Such rocks could be heterogeneous
ancient lithosphere of Gondwana of peridotite and
pyroxenite composition, which was involved in melting
under the influence of Kerguelen plume.

The detailed mineralogical and geochemical stud-
ies of the Gaussberg lamproites showed that more reli-
able reconstruction of conditions of evolution and
crystallization of such magmas requires additional
experimental studies of phase equilibria and trace ele-
ment partitioning between melt and crystalline phases
in the ultra-potassic systems where “olivine + clino-
pyroxene + leucite” mineral association is stable. An
open question is a source of clinopyroxene “green
cores” with elevated FeO and Al,O; contents in the
Gaussberg lamproites and volcanic rocks from world-
wide alkaline provinces. To solve this question, it is
necessary to carry out additional detailed geochemical
studies of phenocrysts from lavas and crystalline nod-
ules in them.
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