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New data on pyrochlore- and perovskite-group minerals from the
Lovozero alkaline complex, Russia
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Abstract: Pyrochlore- and perovskite-group minerals are relatively common accessory constituents of agpaitic murmanite lujavrites at the
Lovozero alkaline complex (Russia). These rocks contain euhedral crystals of niobian calcian loparite-(Ce) and, more commonly, ceroan
lueshite that occurs as discrete oikocrysts and rims on the loparite-(Ce). The overall compositional range exhibited by these phases is
(Nag 44079 REE( 14.037 Ca0.02-0.12 ST0.04-0.09 Tho.o.01) (Nbo.12:0.66 Tio.33-0.85 Feo.0.01 Tap.01) Os; it agrees well with the evolutionary trend
established previously for perovskite-group minerals from Lovozero. The murmanite lujavrites also contain early-crystallizing uranoan
pyrochlore that subsequently underwent alteration to uranpyrochlore (5.0-26.4 wt.% UO, for both) through interaction with a deuteric
fluid. The alteration pattern involves a decrease in Na, Ca and Sr contents from the core outward, increasing ionic deficiency in the 4 and
Y sites, and progressive hydration. The proportion of relatively higher-charged cations does not change or slightly decreases toward the
rim. The occurrence of lueshite and U-bearing pyrochlore in the murmanite lujavrites indicates that these rocks crystallized from the most
evolved portion of a parental phonolitic magma. Pyrochlore-group minerals also occur in albite-rich, magnesio-arfvedsonite- and aegirine-
bearing metasomatic rocks. These parageneses typically contain “silicified” varieties of pyrochlore exhibiting an oscillatory zoning pattern
and, in some cases, superimposed secondary zoning. The metasomatic pyrochlore ranges from nearly stoichiometric Na-Ca-rich compo-
sitions to cation-deficient strontiopyrochlore (up to 10.3 wt.% SrO) and plumbopyrochlore (up to 37.9 wt.% PbO). The oscillatory zoning
involves variations in cation occupancy of the 4 site (primarily Na, Ca and Sr), and Si content. Elevated levels of Si (up to 16.8 wt.% SiO,)
are invariably associated with the zones having the highest cation deficiency and H,O contents. A negative correlation observed between
the Si and (Nb+Ti) contents is interpreted to result from changes in pH, a(SiO,), a(Nal*), a(Ca2*), and activities of minor components
during the crystal growth. Primary pyrochlore-group minerals from both lujavrites and albitites are characteristically poor in Ta (< 2.6
wt.% Ta,0s5), and enriched in Sr and light rare-earth elements. Comparative data on pyrochlore-group minerals from other alkaline-rock
occurrences are presented.

Key-words: pyrochlore, lueshite, nepheline syenite, albitite, agpaitic rocks, Lovozero complex, Kola Peninsula, Russia.

Introduction murmanite lujavrites, because they are known as such to

most researchers familiar with the geology of Lovozero.

The Lovozero alkaline complex in the Kola Alkaline
Province (approximately 67°47° N, 34°45’ E) is one of the
most interesting of the family of sodic nepheline-syenite
intrusions owing to its colossal size and remarkable degree
of differentiation. The complex consists of several intrusive
series emplaced in the Archean metamorphic rocks during
the Devonian. The major series include: (1) porphyritic
alkali and nepheline syenites; (2) poikilitic feldspathoid
syenites; (3) a differentiated series consisting of alternating
urtite, foyaite and lujavrite units; (4) eudialyte lujavrites;
(5) murmanite lujavrites; and (6) alkaline lamprophyre
dikes (Bussen & Sakharov, 1972). The mode of occurrence
and textural features of series (5) are significantly different
from typical lujavrites, and more consistent with their clas-
sification as phonolites (authors’ unpubl. study). However,
to avoid confusion, we shall refer to these rocks as

Late-stage metasomatic (albite, aegirine-albite and amphi-
bole-albite) rocks are very common at the margins of the
complex, where they develop at the expense of earlier-crys-
tallized intrusive suites and metamorphic wall rocks. The
mineralogy of the Lovozero complex is described by
Vlasov et al. (1966) and Semenov (1972). However, these
two studies, as well as the recently published monographs
of Khomyakov (1995) and Pekov (2000) focus primarily on
alkaline pegmatites and associated hydrothermal parage-
neses; these rocks, although mineralogically unique, are
volumetrically minor and very scarce (particularly, their
well-differentiated types). Very few studies on the miner-
alogy and petrology of the major intrusive series have been
undertaken since the publication of Bussen & Sakharov’s
(1972) work, and our knowledge of these rocks is utterly
inadequate. Wet-chemical analyses of major minerals from
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series (1) through (4) can be found in Bussen & Sakharov
(1972). Interpretation of some compositional trends exhib-
ited by rock-forming minerals from series (2)-(4) was
provided by Borutskii (1988), although only limited analyt-
ical data are available in this monograph. Korobeinikov &
Laajoki (1994) determined the evolutionary trend of
pyroxene-group minerals from the nosean syenites toward
the eudialyte lujavrites, and Mitchell & Chakhmouradian
(1996) established the compositional variation of loparite-
(Ce) across the same rock sequence. The details of miner-
alogy of the porphyritic syenites, murmanite lujavrites and
dike rocks remain largely terra incognita. The available
information on feldspars, amphiboles and feldspathoid
minerals from the Lovozero intrusive series is insufficient
to determine evolutionary trends of these minerals in
cognate units (e.g., urtite = foyaite = lujavrite), or succes-
sive rock series (e.g., eudialyte lujavrites = murmanite
lujavrites). With the exception of pegmatites, there are
virtually no data on accessory phases from the unique
peralkaline rocks that comprise the bulk of the intrusion.

In the present work, we describe the occurrence and
composition of several pyrochlore- and perovskite-group
minerals from different rock types exposed in the northern
part of the complex. We do not attempt to provide a defini-
tive study of pyrochlore occurrence at Lovozero, as the
exposed area of the intrusion is about 600 sq. km, and
further finds of pyrochlore-group minerals should be
expected here. However, our work significantly expands
the available knowledge of the relative distribution of these
minerals in different rock types, and their compositional
variation. For comparison, we also studied several samples
of pyrochlore (sensu lato) from other alkaline complexes,
including Vishnevye Mts. (Urals, Russia), Khibina (Kola
Peninsula, Russia), Dara-i-Pioz (Tajikistan), Mont Saint-
Hilaire (Québec, Canada), and Bearpaw Mts. (Montana,
USA). The present work also provides new data on the
occurrence and evolutionary trends exhibited by
perovskite-group minerals from Lovozero, serving as a
valuable addition to the previous works on that subject
(Ifantopulo & Osokin, 1979; Kogarko et al., 1996; Mitchell
& Chakhmouradian, 1996).

Background information

Pyrochlore-group minerals have the general formula
A5.,B,06(OH,F0),_,zH,0, where the 4 site is occupied by
large cations (Na, Ca, Sr, Pb, U, REE, etc.) and the B site
primarily by Nb, Ti and Ta (Hogarth, 1989). Deuteric and
secondary alteration of pyrochlore typically results in
leaching of large weakly bonded cations from its structure
and hydration. The maximum amount of H,O that can be
accommodated in the structure is estimated as 1 + 3/8x
where x is a cation deficiency at the 4 site (Ercit et al.,
1994). Pyrochlore-group minerals are subdivided into three
subgroups differing in the proportion of major B-site
cations: pyrochlore [(Nb+Ta) > 2Ti; Nb > Ta], betafite
[(Nb+Ta) < 2Ti], and microlite [(Nb+Ta) > 2Ti; Ta > Nb].
Within these subgroups, minerals are further classified
depending on whether any of the A-site cations, other than
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Na or Ca, exceeds 20 at.% of the total occupancy in the
A site (Hogarth, 1989). Such subsolidus processes as ion
exchange or selective leaching are capable of changing the
“identity” of pyrochlore-group minerals. Because these
processes typically do not affect the Nb:Ti:Ta ratio in the
B site, they tend to produce evolutionary trends that do not
cross the boundaries between individual subgroups.
Reported examples include conversion of uranoan
pyrochlore to uranpyrochlore through preferential removal
of Na and Ca from the structure, and retention of more
strongly bound U (Chakhmouradian & Sitnikova, 1999).
The effects of primary and secondary alteration on the
chemistry of pyrochlore of different provenance were
discussed by Lumpkin & Ewing (1995); unfortunately,
however, their study did not cover agpaitic rocks.

In the early studies of Lovozero minerals (Vlasov et al.,
1966), pyrochlore-group phases were tentatively identified
in several rock types, and primarily in nepheline-syenitic
pegmatites. Very few wet-chemical analyses of these
minerals are available in the literature. Hydrated pyrochlore
(“hydropyrochlore”) was described from fenitic rocks at
Mt. Vavnbed (as pseudomorphs after loparite), and from a
pegmatite at Mt. Kuivchorr (as discrete crystals) by
Semenov et al. (1963). Voloshin ef al. (1989) found stron-
tiopyrochlore (0.20-0.62 apfu Sr) in albitites at Mt.
Vavnbed (type locality for this species). Pyrochlore is tradi-
tionally interpreted as a characteristic mineral of miaskitic
(“plumasitic”) parageneses, where it is typically associated
with zircon and ilmenite (e.g., Semenov et al., 1963).
However, uranpyrochlore was recently observed in peralka-
line rocks from Lovozero, including murmanite lujavrite at
Mt. Selsurt (Chakhmouradian & Sitnikova, 1999), and a
pegmatite vein intersected by the Karnasurt mine (Zadov et
al., 1999). All above localities are situated in the northern
part of the complex (relative to Seid Lake); its southern
portion remains very poorly explored.

Most of perovskite-group minerals are low-symmetry
derivatives from the “ideal” cubic structure. Their general
formula may be written as ABOj;, where the A4 site is occu-
pied by large cations (Ca, Na, REE, Sr, Th, efc.) and the
B site by Nb, Ti, Fe and minor Ta (Mitchell, 1996). Most of
these phases are nearly stoichiometric; 4-site vacancies (up
to 0.2 apfu) have been observed predominantly among the
REE-, Na-, and Th-rich species (e.g., Mitchell &
Chakhmouradian, 1999). There is some evidence that the
appearance of cation vacancies is accompanied by partial
replacement of oxygen atoms in the perovskite framework
with hydroxyl groups (Krivovichev et al., 2000).
Perovskite-group minerals are ubiquitous at Lovozero,
locally gaining the status of a major rock-forming mineral
(melanocratic nepheline syenites of series 3).
Compositionally, these minerals are essentially members of
the complex solid solution between (in order of decreasing
significance) loparite-(Ce) (Na,,REE,,TiO3), lueshite
(NaNbQO3), perovskite (CaTiOj), and tausonite (SrTiOs)
(Mitchell & Chakhmouradian, 1996). Bona fide lueshite
has been identified in deuterically altered rocks of series
(3), and as reaction rims on loparite-(Ce) from eudialyte
lujavrites (series 4) (Semenov, 1972; Mitchell &
Chakhmouradian, 1996).



Table 1. Petrographic and mineralogical characteristics of the pyrochlore- and lueshite-bearing samples from Lovozero.

Niobate minerals from Lovozero

Provenance Rock type Textural features Major minerals Accessory minerals
LVE2 Eudialyte lujavrite Unequigranular, Mc-perthite, Ne, Mg-Arf, Barian Lam, Nat,
Mt. EI’'morajok  (intrusive series 4) medium- to fine- Ae, Eud, Tit pyrochlore, strontian
(SW slope) grained, mesocratic fluorapatite, pyrrhotite
LVV1 Murmanite lujavrite  Pseudoporphyritic, Mesostasis: Ne, Ae, Ab, Nat, Kf,
Mt. Vavnbed (intrusive series 5) fine-grained, Eud, Arf, Mg-Arf uranoan pyrochlore,
melanocratic Oikocrysts: Mur uranpyrochlore
LV54 Murmanite lujavrite  Pseudoporphyritic, Mesostasis: Kf, Ae, Ne, Ba-Lam, thorite,
Mt. Alluaiv (intrusive series 5) fine-grained, Sod, Ab, Eud loparite-(Ce), lueshite,
(NE slope) melanocratic Phenocrysts:Ne, Sod, Af uranoan pyrochlore
Oikocrysts: Mur, Mg-Arf, Lmp
LV53a Murmanite lujavrite  Pseudoporphyritic, Mesostasis: Kf, Ae, Ne, Nordite-(Ce), analcime,
Mt. Alluaiv (intrusive series 5) fine-grained, Sod, Eud, Ab, Mg-Arf uranoan pyrochlore,
(NE slope) melanocratic Phenocrysts:Ne, Sod, Af uranpyrochlore
Oikocrysts: Mur, Lam
LV71 Albitized murmanite  Poikiloblastic, Mesostasis: Ab, Kf, Mg-Arf  Tit, strontian apatite,
Mt. Selsurt lujavrite fine-grained, Inherited phenocrysts: Ae pyrochlore, Lam,
(N slope) mesocratic Poikiloblasts: Lrz Ba-Lam
LV72 Albitite Poikiloblastic, Mesostasis: Ab, Ae, Mg-Arf  Kf, Cat, Rbd
Mt. Selsurt fine-grained, Poikiloblasts: Lrz, Eud pyrochlore, fluorite
(N slope) mesocratic astrophyllite
LV79 Albitite Poikiloblastic, Mesostasis: Ab, Ae, Mg-Arf  Cat, cryptomelane,
Mt. Selsurt fine-grained, leuco-  Poikiloblasts: Narsarsukite fluorcaphite, Rbd,
(NW slope) to mesocratic strontiopyrochlore,
plumbopyrochlore
LVI8 Murmanite lujavrite  Pseudoporphyritic, ~ Mesostasis: Kf, Ae, Sod, Lueshite, nordite-(Ce)
Mt. Karnasurt  (intrusive series 5) fine-grained, Eud, Ab thorosteenstrupine,
(NW slope) melanocratic Phenocrysts:Ne, Sod Ba-Lmp
Oikocrysts: Mur, Mg-Arf,
Arf, Lam
LVEI1 Murmanite lujavrite  Pseudoporphyritic, Mesostasis: Kf, Ae, Nat Rbd, Lam, lueshite,
El’'morajok (intrusive series 5) fine-grained, Mg-Arf, zeolites strontian hollandite,
Valley melanocratic Oikocrysts: Mur, Mg-Arf belyankinite

Mineral symbols: Ab albite, Ae aegirine, Af alkali feldspar, Arf arfvedsonite, Ba-Lam barytolamprophyllite, Cat
catapleiite, Eud eudialyte, Kf potassium feldspar, Lam lamprophyllite, Lrz lorenzenite, Mc microcline, Mg-Arf magnesio-
arfvedsonite, Mur murmanite, Nat natrolite, Ne nepheline, Rbd rhabdophane-(Ce), Sod sodalite, Tit titanite.
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Material studied and analytical techniques

Material for the present study was collected during
several field trips to Lovozero from 1992-1998. None of
the samples collected contain macroscopically visible crys-
tals of niobate minerals; consequently, all samples were
initially examined using optical and scanning electron
microscopy combined with back-scattered electron
imaging. Minute (< 150 um) crystals of pyrochlore-group
minerals were found in eight out of approximately 30
samples studied (the samples examined in this work are

briefly characterized in Table 1). Most of these crystals are
euhedral to subhedral, octahedral or cubo-octahedral in
habit, and range from reddish and yellowish brown to
nearly colorless in thin section. In some metasomatic rocks,
the crystals have a tabular habit owing to flattening along
one of the [111] axes. Varieties with elevated U contents
typically show a radiation-damage halo a few tens of um in
thickness. We did not observe any correlation between the
morphology, color and composition of pyrochlore from
Lovozero, although the U-enriched crystals appear to be
somewhat darker-colored than “normal” pyrochlore.
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Table 2. Representative compositions of pyrochlore-group minerals from intrusive rocks.

pyrochlore uranoan uranpyrochlore uranoan uranoan uran-
pyrochlore pyrochlore pyrochlore  pyrochlore

Wt.% 1 2 3 4 5 6 7 8 9 10 11
Na,O 6.90 4.08 5.24 5.03 1.01 0.56 6.31 5.99 6.07 5.64 0.37
Ca0 1479 13.96 5.47 4.65 2.69 3.70 1026 10.18 5.56 5.45 2.24
MnO 0.01 0.10 n.d 0.05 n.d n.d n.d n.d n.d 0.11 0.93
SrO 3.67 3.55 3.00 3.65 1.91 1.35 3.51 2.89 7.16 6.10 1.69
La,0; 047 0.65 1.17 2.05 2.04 1.37 1.71 1.71 2.13 1.50 0.76
Ce;0; 098 1.08 2.89 3.58 3.52 2.84 2.65 2.65 291 2.18 2.20
Pr,0; n.d n.d n.d n.d n.d n.d 0.07 0.06 0.34 0.04 n.d
Nd,O; n.d n.d 1.04 0.50 0.47 0.43 0.77 0.54 0.49 0.85 0.76
uo, 0.89 0.85 2073 2259 2635 2546 499 10.97 866 15.16 19.62
Nb,Os 59.67 61.66 4588 4482 46.00 46.02 58.57 54.18 57.60 5431 51.79
Ta,05  0.23 0.73 1.94 1.84 1.57 1.87 0.96 1.54 1.30 1.63 2.57
TiO; 943 10.00 9.01 9.17 9.45 9.84 6.46 8.17 4.31 5.62 7.60
Si0, 0.36 0.29 n.d n.d n.d n.d n.d n.d n.d n.d n.d
Fe,0;  0.08 0.09 n.d 0.04 0.07 0.28 0.18 0.09 0.07 0.27 0.53
Total 97.48 97.05 9637 9797 9508 93.72 9644 9897 96.60 98.86 91.06
Structural formulae (£B-site cations = 2)

Na 0.774 0.440 0.725 0.704 0.138 0.075 0.771 0.746 0.793 0.743 0.047
Ca 0917 0.832 0418 0360 0203 0274 0693 0.701 0401 0397 0.159
Mn - 0.005 - 0.003 - - - - - 0.006 0.052
Sr 0.123 0.118 0.124 0.153 0.078 0.054 0.128 0.108 0.280 0.240 0.065
La 0.010 0.013 0.031 0.055 0.053 0.035 0.040 0.041 0.053 0.038 0.019
Ce 0.021 0.022 0.075 0.095 0.091 0.072 0.061 0.062 0.072 0.054 0.053
Pr - - - - - - 0.002 0.001 0.008 0.001 -
Nd - - 0.026 0.013 0.012 0011 0.017 0012 0012 0021 0.018
U 0.011 0.011 0.329 0363 0413 0392 0.070 0.157 0.130 0.229 0.289
A 1.856 1.441 1.728 1.746 0988 0913 1.782 1.828 1.749 1.729 0.702
Nb 1.562 1.551 1.479 1.464 1465 1438 1.669 1.574 1754 1.669 1.549
Ta 0.004 0.011 0.038 0.036 0.030 0.035 0.0l6 0.027 0.024 0.030 0.046
Ti 0.410 0418 0483 0498 0501 0512 0306 0395 0218 0.287 0.379
Si 0.021 0.016 - - - - - - = - -
Fe 0.003  0.004 - 0.002 0.004 0.015 0009 0.004 0004 0.014 0.026
B 2.000 2,000 2.000 2.000 2000 2.000 2000 2.000 2000 2000 2.000

1-2 LVE2; 3-4 core and 5-6 rim of zoned crystals, LVV1; 7-8 LV54; 9 discrete unzoned crystal, and 10-11
core and rim of a zoned crystal, LV53a. Total Fe expressed as Fe,O;; n.d = not detected.

Perovskite-group minerals were found in three
samples, and are represented by lueshite and, in one of the
samples, also loparite-(Ce). Crystals of the latter mineral
are subhedral to euhedral, whereas lueshite occurs as
oikocrysts or overgrowths on loparite-(Ce). Both minerals
are reddish brown in thin section, and weakly to distinctly
anisotropic.

All mineral compositions were determined by X-ray
energy-dispersion spectrometry using a Hitachi 570 scan-
ning-electron microscope equipped with a LINK ISIS
analytical system incorporating a Super ATW Light
Element Detector (133 eV FwHm MnK). EDS spectra were
acquired for 150 seconds (live time) with an accelerating
voltage of 20 kV and beam current of 0.84-0.86 nA. The
spectra were processed with the LINK ISIS-SEMQUANT
software package, with full ZAF corrections applied. The
following well-characterized natural and synthetic stan-

dards were employed for the analysis: loparite (Na, Nb, La,
Ce, Pr, Nd), perovskite (Ca, Fe, Ti), corundum (Al), ortho-
clase (K), benitoite (Ba), manganoan fayalite (Mn), wollas-
tonite (Si), synthetic SrTiO; (Sr), YF; (Y, F), metallic Pb,
Ta, Th and U. Because the samples of pyrochlore- and
perovskite-group minerals studied are strongly altered and
exhibit significant intragranular variation in composition,
we did not attempt to use X-ray diffraction methods for
their examination. Variation in unit-cell parameters of fresh
and thermally treated pyrochlore depending on its chem-
istry has been previously discussed by a number of authors,
including Krivokoneva & Sidorenko (1971), Hogarth &
Horne (1989), and Marochkina (1990). The crystal chem-
istry of perovskite-group phases has been the subject of
many recent papers, including several crystal-structure
refinements (e.g., Chakhmouradian ef al., 1999; Mitchell et
al., 2000).
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Fig. 1. Pyrochlore-group minerals from fresh (a-b) and albitized (c-d) murmanite lujavrites (BSE/SEM images). (a) Uranoan pyrochlore
(white) altered to uranpyrochlore at the rim (gray), Mt. Vavnbed; (b) uranoan pyrochlore heavily fractured and altered at the rim, Mt.
Alluaiv; (c) and (d) pyrochlore with secondary zoning superposed over weak primary (oscillatory) zoning, Mt. Selsurt.

Occurrence and compositional variation
Pyrochlore-group minerals

Pyrochlore from eudialyte lujavrite LVE2 is a relatively
late-stage mineral confined to interstices, and associated
with natrolite and titanite. Compositionally, it is nearly stoi-
chiometric, and contains only minor REE, and moderate Sr
plus Ti (Table 2, anal. 1-2). The crystals are devoid of
detectable zoning.

In murmanite lujavrite LVVI1, pyrochlore forms
distinctly zoned crystals composed of uranoan pyrochlore
in the core, and uranpyrochlore in the rim (Fig. 1a). The
substitution mechanisms responsible for the incorporation
of U in pyrochlore-group minerals have been discussed in
detail in several previously published studies (e.g.,
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Hogarth, 1989), and will not be considered here. The
zoning pattern observed in LVV1 results from a decrease in
Na, Ca and Sr contents from the core outward (Fig. 2 a-c).
This change is accompanied by increase in the number of
vacancies (Fig. 3a) and hydration of the mineral, as
inferred from lower analysis totals (Table 2, anals. 3-6). In
common with the uranoan pyrochlore-uranpyrochlore pair
from Mt. Selsurt (Chakhmouradian & Sitnikova, 1999), the
distribution of elements in the B site remains virtually
unchanged (Fig. 2d, 3b). The primary uranoan pyrochlore
is preserved only as irregular, commonly fragmented cores.
The core is invariably surrounded by a “hydration front”, a
thin intermediate zone with the lowest average atomic
number (AZ). The accurate analysis of this material is
impossible because of extensive beam damage at the spec-
trum-acquisition time chosen. The rim composed of uran-
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Fig. 2. Variation of selected elements (apfu) in pyrochlore-group minerals from murmanite lujavrites; data for pyrochlore from Vishnevye
Gory are plotted for comparison. The compositions of uranoan pyrochlore-uranpyrochlore from Mt. Selsurt are taken from

Chakhmouradian & Sitnikova (1999).

pyrochlore is typically fractured, with both linear and

concentric features present (Fig. 1a).

Murmanite lujavrite LV54 contains uranoan pyrochlore
profusely altered from the rim; fresh material is preserved

Na+Ca

A-site vacancies

U+ Th

Nb

only in some crystals as a relic irregularly shaped core (Fig.
1b). Only the material in the core could be analyzed with
confidence. Compositionally, this mineral contains
moderate to high UO, and TiO, contents (5.0-11.0 and 6.5-

Fig. 3. Variation of major elements (at.%) in uranoan pyrochlore and uranpyrochlore from murmanite lujavrites from Mt. Alluaiv (4), Mt.
Vavnbed (¥) and Mt. Selsurt (S). Compositions of U-rich pyrochlore-group minerals from Khibina (K), Tuva (7), carbonatite complexes
world-wide (CC), Cinovec and Hybla are plotted for comparison (data from Hogarth & Horne, 1989; Kapustin, 1989, 1991; Knudsen,
1989; Marochkina, 1990; Johan & Johan, 1994; Lumpkin & Ewing, 1995; Williams, 1996; Uher ef al., 1998).
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Table 3. Representative compositions of pyrochlore-group minerals from metasomatic rocks.

pyrochlore strontiopy- pyrochlore plumbopyrochlore strontiopyrochlore
rochlore
Wt.% 1 2 3 4 5 6 7 8 9 10 11 12
Na,0O 673 0.28 032 251 5.96 6.03 nd nd Ca0O 1.17 077 1.17 048
Ca0 1561 259 487 12.80 8.77 8.71 0.33 026 SrO nd 1030 970 16.17
MnO nd 034 053 043 1.11 0.98 n.d nd BaO n.d nd 0.18 025
SrO 1.73 027 6.66 3.58 0.95 0.72 0.38 047 PbO 38.68 1.14 n.d n.d
BaO n.d n.d n.d n.d 1.11 1.27 n.d nd Y,0; 4.87* nd n.d n.d
PbO n.d nd n.d n.d nd nd 3698 3792 La0, na 1.08 029 144
La,0;, 063 072 153 0.57 1.87 1.68 045 071 Ce0; na 229 101 252
Ce,O; 127 203 245 135 2.82 3.01 .22 1.58 UO, nd 0.48 n.d nd
Pr,0; n.d nd 0.26 n.d 0.23 0.37 0.12 038 UO; 1.82 n.d nd n.d
Nd;O; 0.66 047 082 0.33 1.01 1.06 0.06 0.17 NbOs 40.68 69.63 46.18 55.48
ThO, 3.56 nd 039 0.20 1.55 0.55 n.d nd Ta,0;s 358 209 249 143
U0, nd 6.83 nd n.d 0.87 1.67 0.38 045 TiO; 081 049 6.26 6.68
Nb,Os 59.66 63.96 53.87 59.17 62.17 62.76 46.47 4590 SiO, 282 588 174 3.66
Ta,05 nd 0.36 n.d n.d n.d 0.34 216 1.16 Sn0O, 0.61 n.a n.a n.a
TiO, 927 893 882 947 9.04 8.80 0.14 0.34 Fe 04 2.87 2.07 nd 1.37
810, nd 149 931 292 0.51 0.66 405 447 ALOs 0.64 n.d nd 0.17
Fe,0O; 0.09 024 131 036 0.42 0.53 1.21 1.26 Total 99.55 96.22 72.61 89.65
Total 99.21 88.51 91.14 93.69 98.39 99.14 93.95 95.07
Structural formulae (ZB-site cations = 2)
Na 0.767 0.029 0.030 0.263 0.647 0.647 - - Ca 0.09 0.041 0.090 0.029
Ca 0.983 0.148 0.253 0.740 0526 0.516 0.027 0.021 Sr - 0300 0.402 0.530
Mn - 0.015 0.022 0.020 0.053 0.046 - - Ba - - 0.005 0.006
Sr 0.059 0.008 0.187 0.112 0.031 0.023 0.017 0.020 Pb 0.80 0.015 - -
Ba - - - - 0.024 0.028 - - Y 0.24* - - -
Pb - - - - - - 0747 0.763 la - 0.020 0.008 0.030
La 0.014 0.014 0.027 0.011 0.039 0.034 0.012 0.020 Ce - 0.042 0.026 0.052
Ce 0.027 0.040 0.043 0.027 0.058 0.061 0.034 0.043 U 0.10 0.005 - -
Pr - - 0.005 - 0.005 0.007 0.003 0.010 x4 1.23 0.423 0.531 0.647
Nd 0.014 0.009 0.014 0.006 0.020 0.021 0.002 0.005
Th 0.048 - 0.004 0.002 0.020 0.007 - -
U - 0.081 - - 0011 0.021 0.006 0.007
4 1.912 0.344 0.585 1.181 1.434 1.411 0.848 0.889 Nb 1.42 1.580 1.491 1.418
Ta 0.07 0.029 0.049 0.022
Nb 1.586 1.546 1.180 1.443 1.572 1.570 1.576 1552 Ti 0.05 0.018 0.336 0.284
Ta - 0.005 - - - 0005 0.044 0.024 Si 0.22 0.295 0.124 0.207
Ti 0.410 0359 0.321 0.384 0381 0366 0.008 0.019 Sn 0.02 - - -
Si - 0.080 0.451 0.158 0.029 0.037 0.304 0.334 Fe 0.17 0.078 - 0.058
Fe 0.004 0.010 0.048 0.015 0.018 0.022 0.068 0.071 Al 0.05 - - 0.011
IB 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 ZXB 2.00 2.000 2.000 2.000

1-2 Core and rim of a zoned crystal, LV71; 3-4 Low-AZ sector-zoned core, and 5-6 high-AZ intermediate zones in an
oscillatory-zoned crystal, LV72; 7-8 and 10 high-AZ zones in oscillatory-zoned crystals, LV79. 9 Type material, Tai Keu
(Skorobogatova et al., 1966); 11-12 compositions most and least enriched in Sr, Mt. Vavnbed, Lovozero (Voloshin et al.,
1989). * Total content of REE dominated by Y total of analysis 9 also includes 1.00 wt.% H,Oxz; total of analysis 11 also
includes 3.59 wt.% P,0s. Total Fe expressed as Fe;03; n.d = not detected; n.a = not analyzed.

8.3 wt.%, respectively), while being moderately enriched in
Sr and REE (Table 2, anals. 7-8). The Ta,O5 contents range
from 1.0 to 1.5 wt.%. In texturally and modally similar
sample LV53a, pyrochlore forms distinctly zoned crystals
composed of uranoan pyrochlore in the core, and uranpy-
rochlore in the rim. The overall zoning pattern is very
similar to that described above for sample LVV1, and
involves a decrease in Na, Ca and Sr contents toward a
hydrated rim (Fig. 2, 3). The primary uranoan pyrochlore in

sample LV53a (Table 2, anals. 9-11) has significantly
higher levels of U and Sr, but lower levels of Ca and Ti in
comparison with LV54. The REE and Ta contents are
comparable in both samples.

Pyrochlore from albitized lujavrite LV71 forms
distinctly zoned crystals with a resorbed core, discontinu-
ous low-AZ intermediate zone, and a thin rim (Fig. 1c, d).
This zoning is clearly secondary, being superposed over a
primary oscillatory-type pattern discernible in most of the
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(c) sector-zoned strontiopyrochlore (core) successively mantled by zones with low and high Si content (white and gray, respectively); (d)
plumbopyrochlore (indicated by arrow) embedded in aegirine (light gray), other minerals are narsarsukite (dark gray) and albite (black).

crystals. The intermediate zone, and less commonly, core
of the crystals are strongly fractured. The fractures typi-
cally radiate from the boundary between the core and inter-
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Fig. 5. Variation of Si vs. Nb (apfu) in pyrochlore from albitites

(LV72); data for pyrochlore from Mont Saint-Hilaire and

Vishnevye Mts. are plotted for comparison.

I
1.48

mediate zone outward (Fig. 1¢). Compositionally, the relic
core corresponds to pyrochlore enriched in CaO (14.8-15.6
wt.%) and, to lesser extent, ThO, (2.8-4.1 wt.%). The Sr
and Ta contents in the core are comparable to those in the
oscillatory-zoned pyrochlore from albitite (see below), but
significantly lower than in pyrochlores from the murmanite
lujavrites (Table 3, anal. 1). The rim of pyrochlore crystals
from sample LV71 shows a high deficiency of A-site
cations (ca. 82-87 %) owing to the loss of Na, Ca and Sr.
In addition, the rim is strongly hydrated, silicified, and
contains higher levels of U, Fe and Mn in comparison with
the core (Table 3, anal. 2). Because the proportion of U in
the rim outweighs those of other minor A-site elements
(REE, Sr, Th and Mn), and constitutes more than 20 % of
the total occupancy in this site, the rim may be formally
classified as uranpyrochlore (Hogarth, 1989). The interme-
diate zone gives very low analysis totals (< 80 wt.%) and a
very high proportion of SiO,, and was not included into
Table 3.

Albitite V72 contains abundant oscillatory-zoned
crystals of pyrochlore (Fig. 4a, b). Individual zones (typi-
cally, 6-12 per crystal) vary from less than a micrometer to
10 um in thickness, and may be continuous or fragmentary.
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Table 4. Representative compositions of perovskite-group minerals from murmanite lujavrites.

loparite-(Ce)

lueshite

lueshite

(euhedral crystals) fovergrowths) (oikocrysts)

Wt.% 1 2 3 4 5 6 7 8 9 10 11 12
Na,O 8.19 927 9.73 11.58 12.38 13.05 13.04 13.70 13.86 14.43 1272 13.09
CaO 3.82 289 262 171 147 135 1.37 0.81 088 064 071 0.68
SrO 482 480 295 216 211 222 230 354 387 292 345 288
La;0s 897 878 8.86 739 658 558 591 6.79 587 617 634 7.21
Ce,0; 1715 15.89 15.05 11.94 9.83 830 877 7.68 670 672 885 9.19
Pr,0, 1.03 053  0.77 0.77 049 048 0.16 023 0.13 nd 071 048
Nd;O; 457 357 3.35 194 147 123 093 092 074 027 142 084
ThO, 078 0.73 1.55 138  1.35 1.20 1.03 055 045 0.06 021 0.16
Nb,Os 11.92 16.96 20.30 35.30 42.24 48.07 4530 46.93 5042 5191 4593 47.50
Ta,05 0.83 087 0.89 079 077 055 075 045 064 058 048 020
TiO, 37.70 3545 32.94 2444 20.89 18.83 19.68 18.48 16.84 15.57 19.39 19.20
Fe,0; 022 015 0.16 025 049 022 0.29 n.d n.d nd 0.06 036
Total 100.00 99.89 99.17 99.65 100.07 101.08 99.53 100.08 100.40 99.27 100.27 101.79
Structural formulae to 3 atoms of oxygen

Na 0.460 0.517 0.548 0.644 0.681 0.704 0.714 0.750 0.754 0.791 0.697 0.705
Ca 0.119 0.089 0.082 0.053 0.045 0.040 0.041 0.025 0.026 0.019 0.021 0.020
Sr 0.081 0.080 0.050 0.036 0.035 0.036 0.038 0.058 0.063 0.048 0.057 0.046
La 0.096 0.093 0.095 0.078 0.069 0.057 0.062 0.071 0.061 0.064 0.066 0.074
Ce 0.182 0.167 0.160 0.125 0.102 0.085 0.091 0.079 0.069 0.070 0.092 0.093
Pr 0.011 0.006 0.008 0.008 0.005 0.005 0.002 0.002 0.001 - 0.007 0.005
Nd 0.047 0.037 0.035 0.006 0.015 0.012 0.009 0.009 0.007 0.003 0.014 0.008
Th 0.005 0.005 0.010 0.009 0.009 0.008 0.007 0.004 0.003 - 0.001 0.001
p| 1.001 0.994 0.988 0.974 0.961 0.947 0.964 0.998 0.984 0.995 0.955 0.952
Nb 0.156 0.221 0.267 0.458 0.542 0.605 0.578 0.599 0.639 0.663 0.587 0.596
Ta 0.007 0.007 0.007 0.006 0.006 0.004 0.006 0.003 0.005 0.004 0.004 0.002
Ti 0.821 0.767 0.719 0.528 0.446 0.394 0418 0.393 0.355 0.331 0412 0.401
Fe 0.005 0.003 0.003 0.005 0.010 0.005 0.006 - - - 0.001 0.008
IB 0.989 0.998 0.996 0.997 1.004 1.008 1.008 0.995 0.999 0998 1.004 1.007

1-7 LV54; 8-10 LV18; 11-12 LVEL. Total Fe expressed as Fe,O;; n.d = not detected.

The low-AZ zones are depleted in Na and Ca, but enriched
in Si, Fe, Mn, Sr and H,O relative to the brighter zones.
Some crystals have a core with a distinct sectorial zoning
(Fig. 4c). The relatively low-AZ sectors (strontiopy-
rochlore) are depleted in Na, Ca and Nb, and enriched in
Sr, REE and Si in comparison with the higher-AZ areas
(Table 3, anals. 3-4). The Si content shows a negative corre-
lation with the total (Nb+Ti) content throughout successive
zones with a different AZ (Fig. 5). The highest SiO, and
Fe,O; contents observed in this sample (16.8 and 2.2 wt.%,
respectively) are invariably associated with the low-AZ
zones having the highest levels of H,O (analysis totals < 85
wt.%). Intragranular variation in other minor components
is insignificant. The U, Sr and Ta contents in the fresh
pyrochlore (high-AZ areas) are noticeably lower than in the
U-bearing pyrochlore from the murmanite lujavrites,
whereas the REE contents are comparable in pyrochlore
from the two rock types.

Samples of albitite LV79 (Fig. 4d) contain abundant
plumbopyrochlore (up to 37.9 wt.% PbO) and strontiopy-
rochlore (up to 10.3 wt.% SrO), commonly in spatial prox-
imity. Both minerals are strongly altered, and exhibit weak

oscillatory-type zoning. Zones with comparatively higher
AZ have lower SiO, and Fe,O; contents, and higher analy-
sis totals; hence, they are deemed less altered than the low-
AZ areas. In Table 3, we included the analytical data only
for the high-AZ zones (anals. 7-8 and 10).

Perovskite-group minerals

Murmanite lujavrite LV54 contains abundant euhedral,
inclusion-free crystals of niobian calcian loparite-(Ce) (for
the nomenclature of perovskite-group minerals, see
Mitchell, 1996). The mineral displays a significant intra-
granular variation in composition involving an increase in
Na and Nb, and concomitant decrease in REE, Ti, Ca and
Sr toward the rim (Table 4, anals. 1-3). Locally, the crystals
exhibit a discontinuous “fringe” composed of subhedral
lueshite. From the early crystals of loparite-(Ce) to the
lueshite overgrowths, there is a continuous series of
compositions that plot almost parallel to the
Na,REE |, TiO3-NaNbO; join (Fig. 6). In this sample,
lueshite also occurs as oikocrysts up to 250 wm across. The
composition of oikocrysts approaches that of the most Na-
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Fig. 6. Compositional variation (mol.%) of perovskite-group
minerals from murmanite lujavrites. (a) Individual samples; (b)
overall compositional variation (dashed line) in comparison with
the evolutionary trend of perovskite-group minerals from intrusive
series (2)-(4) at Lovozero (solid line: Mitchell & Chakhmouradian,
1996), and from other alkaline complexes (shaded fields:
Chakhmouradian & Mitchell, 1998; Chakhmouradian et al., 1999).

and Nb-rich lueshite from the “fringes” (cf. Table 4, anals.
6 and 7). Similar lueshite oikocrysts are found in
murmanite lujavrites LV18 and LVE1 (Fig. 7 a-c, Table 4).
In the ternary Na,,REE,Ti03-NaNbO3-CaTiO; (-SrTiO3)
diagram, all oikocryst compositions cluster between 60 and
70 mol.% NaNbOj in the field of ceroan lueshite (Fig. 6a).
Textural evidence indicates that this lueshite formed after
the bulk of the rock, but prior to the crystallization of
oikocrysts of “agpaitic” silicates, i.e., murmanite, lampro-
phyllite and alkali amphibole (Fig. 7). In sample LV54,
where lueshite co-exists with pyrochlore, the latter mineral
clearly preceded the former. In contrast, pyrochlore from
hydrothermal and metasomatic alkaline parageneses is
commonly observed to replace a perovskite-group
precursor (Semenov et al., 1968; Voloshin et al., 1989).

A.R. Chakhmouradian, R.H. Mitchell

Discussion

Occurrence and composition of niobate minerals in
agpaitic alkaline rocks

Although niobate minerals are ubiquitous in nepheline-
syenite complexes, there is a paucity of data on their distri-
bution and chemistry. Pyrochlore is a common accessory
phase in miaskitic mineral parageneses, whereas in a more
alkali-rich environment, the major Nb oxide is typically a
member of the perovskite group. Mitchell &
Chakhmouradian (1996), and Chakhmouradian & Mitchell
(1998) have demonstrated that in sodic agpaitic rocks, the
overall evolutionary trend of perovskite-group minerals is
from calcian niobian loparite-(Ce) to niobian calcian
loparite-(Ce) to ceroan lueshite or isolueshite at low to
moderate contents of the SrTiO; end-member (Fig. 6b).
This trend is expressed both on a macro-scale (i.e., toward
younger intrusive series) and micro-scale (zoning). The
previous studies of perovskite-group minerals from
Lovozero focused on the most volumetrically significant
petrographic units, ie., series 3 and 4 (Ifantopulo &
Osokin, 1979; Kogarko et al., 1996), and 2 through 4
(Mitchell & Chakhmouradian, 1996). Prior to our work,
perovskite-group minerals had not been described from the
murmanite lujavrites (series 5). The compositional data
obtained in this work (Fig. 6) are in excellent agreement
with the trend established for the Lovozero intrusion by
Mitchell & Chakhmouradian (1996). The overall trend is
mimicked by the core-to-rim zoning pattern in loparite-
(Ce) from sample LV54. The presence of lueshite
oikocrysts distinguishes the murmanite lujavrites from the
other intrusive series, suggesting that the former crystal-
lized from the most evolved portions of phonolitic magma.

In a number of studies, “pyrochlore” has been identi-
fied as a part of agpaitic parageneses (e.g., Wallace et al.,
1990). Complete compositional data (including such
elements as Ta, U, Th, Sr, REE and Pb) for these minerals
are typically unavailable, and hence, their accurate identifi-
cation is not possible. In some cases, the presence of unac-
counted-for elements can be readily inferred from low
analysis totals. For comparative purposes, we examined
several samples of pyrochlore-group minerals from alka-
line parageneses relevant to our study. Their provenance
and mineral compositions are described in Table 5; repre-
sentative compositions of pyrochlore-group phases from
these samples are given in Table 6.

Analysis of our data and those available in the literature
shows that pyrochlore-group minerals from agpaitic rocks
most typically form during the final evolutionary stages
characterized by the appearance of subsolidus “sugary” or
platy albite, green fibrous aegirine and natrolite in the
mineral assemblage (Kostyleva-Labuntsova et al., 1978;
Kapustin, 1989, 1991). Here, crystallization of pyrochlore
(sensu lato) is related to interaction of the primary mineral
paragenesis (alkali feldspar, nepheline, prismatic aegirine
or aegirine-augite, alkali amphiboles) with a deuteric or
metasomatic fluid. It remains debatable whether the Nb, Ti
and rare elements sequestered in pyrochlore are derived
from a primary host, e.g., loparite, titano- and niobosili-
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oikocrysts of murmanite (Mur), lamprophyllite (Lam) and lueshite (white grains indicated by arrows), Mt. Karnasurt; (b) detail of (a),
note chadacrysts of aegirine (Ae), potassium feldspar (Kf) and eudialyte (Eud) in lueshite (white); (c) oikocrysts of lueshite (white) and
murmanite (Mur) in a zeolitized mesostasis (Zeo), other minerals are arfvedsonite (Arf) and aegirine (Ae), EI’'morajok Valley; (d) inclu-
sions of lueshite (white) in oikocrystic lamprophyllite (Lam), other minerals are aegirine (Ae), nepheline (Ne), potassium feldspar (Kf)
and eudialyte (Eud), Mt. Karnasurt.

cates (Kostyleva-Labuntsova et al., 1978), or from a late-
stage fluid. Only in rare cases where pyrochlore-group
phases are observed to directly replace a primary Ti-Nb
host, e.g., lueshite or loparite-(Ce), can the source of these
elements be unambiguously established (Semenov et al.,
1968; Voloshin & Polezhaeva, 1979). Kapustin (1989)
suggested that dissolution of astrophyllite, rinkite and
strontian apatite during albitization of agpaitic pegmatites
at Khibina (Kola Peninsula) could provide the amount of
Ti, REE and Sr necessary for the crystallization of
pyrochlore, although Nb and Ta were, at least, partly
derived from an “extrinsic” source. In albitized nepheline
syenites and pegmatites, pyrochlore is commonly found in

a mineral assemblage characteristic of miaskitic rocks, i.e.,
with zircon, biotite, ilmenite, titanite and apatite, attesting
to a decrease in alkalinity during the terminal evolutionary
stages. The sample of eudialyte lujavrite (LVE2) examined
in this study provides a good example of such late-stage
pyrochlore crystallization.

In albitites and related albite-rich metasomatic assem-
blages, pyrochlore is a relatively common accessory
mineral, as demonstrated in this work and several earlier
publications (e.g., Voloshin et al., 1989; Kapustin, 1991).
The composition of pyrochlore-group minerals from meta-
somatic rocks is very variable. Examples include bona fide
pyrochlore, plumbopyrochlore and strontiopyrochlore from
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Table 5. Details on selected occurrences of pyrochlore-group minerals.

Locality Rock type

Associated minerals

References

Miaskitic nepheline
syenite cross-cut by
calcite carbonatite

Vishnevye Mts.
Middle Urals,
Russia

Nepheline-syenitic
pegmatite

Pegmatite Peak
Bearpaw Mts.,
Montana, USA

Mont Saint-Hilaire
Québec, Canada

Nepheline-syenitic
pegmatite

Ne, Af, oligoclase,
biotite, cancrinite, zircon,
ilmenite, apatite

Ne, Mc, Ae, Lam, Tit,
biotite, ilmenite, chevkinite,
zircon, thorite, loparite-(Ce)

Niobian ilmenite, pyrrhotite,
rhodochrosite, rutile,

Kogarko er al. (1995)

Chakhmouradian &
Mitchell (1999)

Horvath & Gault (1990)

manganocolumbite

Ab, Ae, quartz, Mc,
miserite, apatite, tadzhikite,

Ab, Ae, Mc (relict), Eud,
astrophyllite, loparite-(Ce),

Reguir et al. (1999)

this work

Dara-i-Pioz Quartz-albite-aegirine

Garm district, rock developed after

Tajikistan alkali syenite stillwellite
Mt. Niorkpakhk Albitite developed

Khibina, Kola after nepheline

Peninsula, Russia syenite galena

Mineral symbols as in Table 1.

Lovozero (this work, Voloshin et al., 1989), plumbopy-
rochlore from Tai Keu (Skorobogatova et al., 1966), ceroan
pyrochlore from Korgeredaba (Kapustin, 1991), uranoan
pyrochlore from Dara-i-Pioz and uranpyrochlore from
Khibina (see Tables 3 and 5 for representative composi-
tions). Prior to our study, plumbopyrochlore had not been
encountered at Lovozero; a few known occurrences of this
mineral include laterites of the Araxa carbonatite complex
in Brazil (Mariano et al., 1997), Oka carbonatites in Québec
(Hogarth, 1989), and granitic pegmatites of the Kola
Peninsula (Voloshin ez al., 1981). Plumbobetafite, a closely
related species with Nb > Ti (but Nb < 2Ti), was described
from a microcline-quartz-albite-aegirine-riebeckitic rock
cross-cutting nepheline syenite at the Burpala alkaline
complex, Siberia (Ganzeev et al., 1969), and from granitic
pegmatites of the Kola Peninsula (Voloshin et al., 1993).
The compositional diversity of pyrochlore from albitites is
not surprising, as these rocks form in a broad range of P-T
conditions, and various petrographic settings, including
felsic metamorphic rocks, alkali granites and syenites,
miaskitic and agpaitic feldspathoid syenites.

The data obtained in the present study show that in
peralkaline rocks, pyrochlore-group phases may form early
in the crystallization history, prior to such characteristic
“agpaitic” minerals as loparite-(Ce), lueshite, eudialyte,
murmanite and lamprophyllite. This observation is also
consistent with the occurrence of betafite (Nb = Ti) in
nepheline-syenitic pegmatites of Bearpaw Mountains
(Chakhmouradian & Mitchell, 1999). Crystallization of
pyrochlore or betafite in agpaitic rocks may be favored by
initially low activities of alkalis and silica in the magma, or
by enrichment of this magma in elements more readily
accommodated in the pyrochlore structure than in such
alternative hosts as loparite. Whereas the paragenesis of

betafite in the Bearpaw pegmatites is clearly “miaskitic” in
character (ibid.), pyrochlore-group minerals from the
murmanite lujavrites (LVV1, LV54, LV53a) are not associ-
ated with minerals that would suggest low alkalinity of
magma during the early crystallization stage. However,
pyrochlore from the Lovozero murmanite lujavrites is char-
acteristically enriched in U (5.0-26.4 wt.% UO,), the
element not readily accommodated in a perovskite-type
structure because of its small ionic radius. Note that the
recently described pyrochlore from an agpaitic pegmatite at
Mt. Karnasurt (Zadov et al., 1999), as well as the Bearpaw
betafite also contain elevated levels of U (up to 16.8 and
8.8 wt.% UO,, respectively).

U-rich members of the pyrochlore family occur in a
variety of parageneses, including granitic pegmatites
(Prasiva, Slovakia: Uher et al., 1998), fenitized granitic
pegmatites (Ulanerginskii complex, Tuva: Kapustin, 1991),
evolved granites (Massif Central, France: Ohnenstetter &
Piantone, 1992, and Cinovec, Czech Republic: Johan &
Johan, 1994), phoscorites and carbonatites (e.g., Fort
Portal, Uganda: Hogarth & Horne, 1989). In contrast to the
uranpyrochlore and uranoan pyrochlore from Lovozero
(Table 2, Fig. 3b), pyrochlore-group minerals from granitic
rocks (Ohnenstetter & Piantone, 1992; Johan & Johan,
1994; Uher et al., 1998) are invariably enriched in Ta (> 2.8
wt.% Ta,0s, with some compositions corresponding to
uranmicrolite), and contain appreciable levels of W and Sn
(up to 6.5 wt.% WO;5; and 1.4 wt.% SnO,). Betafite and
uranpyrochlore from carbonatitic assemblages show a wide
variation in Ta/Nb ratio, but characteristically lack
detectable W and Sn. In addition, U-rich pyrochlore-group
minerals from carbonatites and granitic rocks contain
significantly lower levels of Sr and light REE, in compar-
ison with their counterparts from agpaitic rocks.
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Table 6. Representative compositions of pyrochlore-group minerals from other localities.

Vishnevye Mts. Pegmatite Mont Saint-Hilaire Dara-i- Khibina
Peak Pioz

Wt.% 1 2 3 4 5 6 7 8 9
Na,O 6.44 432 NaO 4.15 3.35 9.43 871 10.82 453 Na)O n.d
K.,O n.d 045 CaO 7.55 7.11 10.89 1032 11.64 12.09 CaO 3.94
CaO 15.44 9.24 MnO n.d n.d n.d n.d n.d nd MnO 0.81
MnO 0.17 023  SrO 0.83 0.46 0.39 0.45 n.d 1.81 SrO 0.59
SrO 0.76 3.67 La)O; 0.89 0.33 0.49 0.11 n.d nd La0O; 0.31
Y,0; n.d 031 Ce0; 7.40 7.02 1.09 1.01 0.49 nd Ce0O; 197
La,0O; 0.14 0.59 Pr,0O; 1.21 0.95 n.d n.d n.d nd Pr,O; n.d
Ce,0; 043 1.15  Nd,O:; 3.60 3.59 0.75 0.34 n.d nd Nd,O: n.d
Nd;0; 0.17 042 ThO, 16.49 18.97 0.94 1.02 n.d nd ThO, n.d
ThO, 1.26 1.65 UO, 4.72 8.80 n.d n.d nd 2337 UO, 46.20
Nb,Os 64.48 58.10 Nb,Os 33.54 2658 64.87 6425 5727 4796 Nb,Os 25.11
Ta,0s  3.71 3.81 TayOs 1:31 1.23 0.63 1.05 0.79 1.08  Ta0s 0.93
TiO, 3.72 340 TiO, 15.38  19.19 4.34 3.01 3.79 7.85  TiO, 4.76
Si0, 0.34 4.16  SiO, 1.66 1.54 1.67 3.35 8.39 0.24  SiO, 6.10
Fe,0;  0.01 nd Fe0O; 0.48 0.51 0.12 0.40 0.32 0.26 Fe,0O: 041
AL O, n.d 044 F n.a n.a 0.58 0.16 0.31 na  ALO; 1.82
Total 97.07 91.94  Total 99.21 99.63 95.95% 94.11* 93.69* 99.18 Total 9295
Structural formulae (LB-site cations = 2)

Na 0.750 0485 Na 0.553 0453 1.059 0958 1.116 0.620 Na -
K - 0033 Ca 0.556 0.531 0.676 0.627 0.664 0915 Ca 0.356
Ca 0.993 0573 Mn - - - - - - Mn 0.058
Mn 0.009 0.011 Sr 0.033 0.019 0.013 0.015 - 0074 Sr 0.029
Sr 0.026 0123 1la 0.023 0.008 0.010 0.002 - - La 0.010
Y - 0.010 Ce 0.186 0.179 0.023 0.021 0.010 - Ce 0.061
La 0.003 0.013 Pr 0.030 0.024 - - - - Pr -
Ce 0.009 0.024 Nd 0.088 0.089 0.016 0.007 - - Nd .
Nd 0.004 0.010 Th 0.258 0301 0.012 0.013 - - Th -
Th 0.017 0.022 U 0.072  0.136 - - - 0367 U 0.866
ZA 1.811 1304 x4 1.799 1740 1.809 1.643 1.789 1976 X4 1.380
Nb 1.751 1.521 Nb 1.042 0.837 1.699 1.648 1378 1.532 Nb 0.956
Ta 0.061 0.060 Ta 0.024 0.023 0.010 0.016 0.011 0.021 Ta 0.021
Ti 0.168 0.148 Ti 0.795 1.006 0189 0.129 0.152 0416 Ti 0.302
Si 0.020 0.241 Si 0.114 0.107 0.097 0.190 0446 0.017 Si 0.514
Fe - - Fe 0.025 0.027 0.005 0.017 0.013 0.014 Fe 0.026
Al - 0.030 ZIB 2.000 2.000 2.000 2.000 2.000 2.000 Al 0.181
B 2,000 2000 F - - 0.106 0.029 0.052 - LB 2.000

1 Core and 2 rim of a zoned pyrochlore crystal; 3-4 betafite inclusion in loparite-(Ce); 5-7 zones with
progressively decreasing AZ in an oscillatory-zoned pyrochlore crystal; 8 unzoned crystal of uranoan pyrochlore;
9 high-AZ area in a profusely altered crystal of uranpyrochlore. * Analysis totals include less O = F,. Total Fe
expressed as Fe;0;; n.d = not detected; n.a = not analyzed.

Alteration patterns in pyrochlore crystals

Crystals of uranoan pyrochlore from murmanite
lujavrites invariably show profuse alteration involving a
decrease in Na, Ca and Sr contents from the core outwards
(Fig. 2a, b). The proportion of relatively higher-charged
cations (U and REFE) does not change or only slightly
diminishes toward the rim (Fig. 2a, c). These changes are
accompanied by increasing cation deficiency in the 4 site
(Fig. 3a) and progressive hydration. Fresh uranoan
pyrochlore preserved in the core of some crystals shows

only minor cation deficiency (< 0.20-0.35 atoms per
formula unit), whereas the uranpyrochlore rim typically has
from 50-65 % of A-site vacancies (x = 1.0-1.3). The total
positive charge created by the 4- and B-site cations in the
deficient uranpyrochlore does not exceed +12.3 (as
opposed to the ideal value of +13.0), indicating that a
significant proportion of anions in the Y site (OH+F+O)
was also removed by leaching. The H,O contents estimated
from x for the most 4- and Y-site deficient varieties (Table
2, anal. 6 and 11) are about 6.3 and 7.7 wt.%, which agrees
well with the values calculated by difference of analysis
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totals to 100 % (6.3 and 8.9 wt.%, respectively). The extent
of alteration observed in this pyrochlore (Fig. 3) is compar-
able to that produced by secondary processes in
pyrochlore from miaskitic rocks at Brevik, Norway
(Lumpkin & Ewing, 1995). However, the murmanite-
lujavrite samples examined in the present study are fresh,
and lack any evidence of extensive supergene alteration
(e.g., replacement of nepheline by gibbsite). Therefore, the
processes of ion leaching and hydration undoubtedly
resulted from interaction of the primary uranoan
pyrochlore with a deuteric fluid, in a manner similar to the
replacement of loparite by “metaloparite” under decreasing
temperature, pH and a(Nal*) (Chakhmouradian et al.,
1999).

For comparison, we also studied the alteration pattern
exhibited by pyrochlore from the miaskitic nepheline sye-
nites of the Vishnevye Mountains. In common with the
Lovozero material, this pyrochlore is zoned toward Na- and
Ca-depleted compositions at the rim. However, the propor-
tion of larger and higher-charged cations (K, Sr, REE and
Th) increases noticeably toward the rim of the crystals
(Fig. 2c, Table 6). These changes are accompanied by a
dramatic increase in Si content coupled with depletion in
Nb (Fig. 2d). This cation-exchange pattern and the
moderate extent of alteration distinguish this pyrochlore
from that in the Lovozero lujavrites, but are similar to the
transitional alteration of pyrochlore from an unspecified
locality at Langesundfjord (Norway), as described by
Lumpkin & Ewing (1995). Unfortunately, the description
provided for the Langesundfjord material is insufficient to
conclude whether it originates from a miaskitic or an
agpaitic paragenesis. The relatively high CaO and low SrO
contents in the primary pyrochlore from this locality (ibid.,
Table 2) suggest a miaskitic source (¢f. 15.1-15.9 wt.%
CaO and 0.7-0.9 wt.% SrO in the Vishnevye material; 4.6-
11.0 wt.% CaO and 2.6-7.2 wt.% SrO in the uranoan
pyrochlore from Lovozero).

The pyrochlore crystals from albitites show essentially
two types of alteration: patchy, confined to the rim
(Fig. lc, d), and regular, conformable with oscillatory
zoning (Fig. 4 a-c). Both these types involve ion leaching,
hydration and enrichment of the altered material in Si, Fe
and Mn (Table 3). Whereas the patchy pattern of alteration
is clearly secondary, the regular type may have developed
simultaneously with crystallization due to oscillation of
pH, a(Si0,), a(Nal*), a(Ca2*) and activities of the minor
components in a layer adjacent to the growing crystal. Note
that variations in pH alone are probably capable of
changing the solubility of silica and cations in the metaso-
matic fluid, and causing the observed zoning pattern. The
lack of linkage between successive low-AZ zones, and the
absence of alteration along fractures (Fig. 4 a-c) further
testify against the secondary (post-crystallization) nature
of this type of alteration. Crystals of pyrochlore from Mont
Saint-Hilaire show a similar type of oscillatory zoning.

Structural role of silicon in pyrochlore

The position of Si in the pyrochlore structure is uncer-
tain. Hogarth (1989) noted that the high amounts of Si
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reported to substitute for Nb in the B site of some
pyrochlores should be treated with caution. Elevated silica
contents typically occur in pyrochlore-group minerals with
a high proportion of vacancies in the 4-site, i.e., U- and Th-
bearing pyrochlore, betafite, strontiopyrochlore, plumbo-
pyrochlore, etc. (e.g., Uher et al., 1998). Pyrochlore-type
phases with Si in the octahedral site are well known among
synthetic compounds (Reid et al., 1977). According to
Voloshin et al. (1989), the crystal structure of strontiopy-
rochlore from Lovozero could not be satisfactorily refined
assuming that Si or P enters the B site (SiO, and P,04
contents in their samples range from 1.7-3.7 and 0-7.0
wt.%, respectively). Infrared spectra of this mineral exhibit
a series of absorption bands indicative of (SiO,4) and (POy).
Accordingly, Voloshin et al. (1989) suggest that the impu-
rities of Si and P in strontiopyrochlore are not structurally
bound, but instead occur “in an amorphous or dispersed
state” (translation ours). Unfortunately, the nature of a Si-P
host in this mineral could not be further ascertained.
Alternatively, silicified varieties of pyrochlore may
represent submicroscopic intergrowths of altered precursor
with komarovite, (H,Ca,Na),(Nb,Ti),Si,0,,(OH,F),,
whose structure is related to that of pyrochlore
(Krivokoneva et al., 1979). Replacement of pyrochlore by
“macroscopic” komarovite was actually observed in alka-
line pegmatites of the Ilimaussaq complex in Greenland
(ibid.). Importantly, neither the presence of absorbed amor-
phous silica nor intergrowths with komarovite could
explain the antipathetic correlation between the Si and
(Nb+Ti) contents observed in the present study (Fig. 5). In
addition, the existence of a hypothetical silica-rich impu-
rity is contradicted by the enrichment in Si being confined
to discrete zones in an overall zoning pattern, or sectorial
variation in Si/Nb ratio (Fig. 4 a-c). At present, the form of
silica occurrence in pyrochlore remains enigmatic, and
transmission-electron microscopy studies (TEM) of homo-
geneous crystalline material are clearly required to resolve
this problem. The “silicified” pyrochlores from Lovozero
exhibit significant micro-scale variations in Si content and,
hence, are unsuitable for this purpose. Previous attempts to
ascertain the structural position of Si in a similar material
by TEM were unsuccessful (Voloshin et al., 1989). Note
that examination of such pyrochlores by TEM is not trivial,
and, in addition to compositional heterogeneity, is
hampered by the commonly metamict nature of these
phases and their instability under the electron beam.

Conclusions

At Lovozero, the evolutionary trend exhibited by
perovskite-group minerals from the intrusive rocks culmi-
nates with the appearance of ceroan lueshite in the
murmanite lujavrites. This mineral occurs as overgrowths
on earlier-crystallized loparite-(Ce) and, more commonly,
as discrete oikocrysts. Lueshite formed prior to oikocrystic
titanosilicates (murmanite, lamprophyllite, etc.), but subse-
quent to pyrochlore. Pyrochlore from the murmanite
lujavrites is enriched in U and, to lesser extent, Sr and REE.
Given that the samples described by Chakhmouradian &
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Sitnikova (1999) and in the present work were collected
many kilometers apart, the enrichment in U appears to be a
characteristic compositional signature of pyrochlore from
petrographic series (5). Subsolidus re-equilibration
resulted in ionic leaching from and hydration of the
primary uranoan pyrochlore and its replacement by cation-
deficient uranpyrochlore. This process, involving interac-
tion of the early mineral paragenesis with a deuteric fluid
under decreasing pH and temperature, appears to be an
important component of the evolutionary history of
agpaitic rocks (see also Chakhmouradian & Mitchell,
1999, 2002). Crystallization of the perovskite- and
pyrochlore-group niobates in the murmanite lujavrites indi-
cates that these rocks formed from the most evolved
portions of phonolitic magma.

Albite-rich metasomatic rocks from Lovozero typically
contain “silicified” varieties of pyrochlore with an oscilla-
tory zoning pattern and, in some cases, superimposed
patchy (irregular) zoning. Compositionally, the metaso-
matic pyrochlore ranges from nearly stoichiometric Na-Ca-
rich compositions to strongly cation-deficient
strontiopyrochlore and plumbopyrochlore. The oscillatory
zoning pattern observed involves significant variation in
cation occupancy of the 4-site (primarily Na, Ca and Sr), as
well as in the Si content which correlates antipathetically
with (Nb+Ti). This pattern is believed to result from oscil-
lations in pH and the activities of major components
throughout the crystallization history of pyrochlore; i.e.,
growth episodes followed by episodes of compositional re-
equilibration with a metasomatic fluid.
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