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Abstract The results are presented of a textural and mineral
chemical study of a previously undescribed type of hydrother-
mal alteration of chevkinite-(Ce) which occurs in a syenitic
pegmatite from the Vishnevye Mountains, Urals Region,
Russia. The progressive alteration of the chevkinite to a
bastnäsite-(Ce)-ilmenite-columbite-(Fe) assemblage through
a series of texturally complex intermediate stages is described
and electron microprobe analyses are given of all the major
phases. Unusual Nb±Th-rich phases formed late in the alter-
ation sequence provide evidence of local Nb mobility. The
main compositional fluxes are traced, especially of the REE,
HFSE, Th and U. It appears that almost all elements, with the
exception of La, released from the chevkinite-(Ce) were
reincorporated into later phases, such that they did not leave
the alteration crust in significant amounts. The hydrothermal
fluids are inferred to have been F- and CO2-rich, with variable
levels of Ca activity, and with fO2 mainly between the nickel-
nickel oxide and magnetite-hematite buffers. This occurrence
represents a new paragenesis for a columbite-group mineral.

Introduction

The two most abundant members of the chevkinite group of
minerals (CGM) are chevkinite and perrierite, which have the
general formula (REE,Ca)4Fe

2+(Fe2+,Fe3+,Ti)2Ti2(Si2O7)2O8.
It is important to understand the low-temperature alteration of
the CGM for the following reasons. First, with ΣREE2O3

contents up to 50 wt.%, members of the group have a high
potential for REE mobilization during hydrothermal alteration
and thus the mineralizing potential of the fluids. Second, the
flexibility of the chevkinite lattice and its ability to incorporate
a range of cations with variable charges and ionic radii may
make it suitable for the incorporation of nuclear waste. Third,
the CGM have the potential to be used for radiometric dating;
Vazquez et al. (2014), for example, presented the results of ion
microprobe 238U-230Th dating of chevkinite from high-silica
rhyolites of La Primavera caldera, Mexico, which were broad-
ly consistent with corresponding K-Ar ages.

Several studies have addressed the hydrothermal alteration
of chevkinite and perrierite. Kartashov (1994) reported on the
alteration of chevkinite in metasomatic rocks of the Tsahirin-
Khuduk ore occurrence, Khaldzan Buragtag massif,
Mongolia. He considered that the alteration could be de-
scribed by three reactions, dependent, inter alia, on the Ca/
Na ratio of the metasomatised host rock and the H2O/CO2

ratio of the incoming fluids. Jiang (2006) described the alter-
ation of chevkinite-(Ce) to a corona of allanite-ilmenite-
titanite-epidote-quartz by residual magmatic fluids and a later
hydrothermal fluid in syenites of the Shuiquangou complex,
China. In a study of A-type granites and syenites of the
Graciosa Province, southern Brazil, Vlach and Gualda
(2007) documented increases in Ti and reductions in REE
and Fe resulting from interaction between chevkinite-(Ce)
and post-magmatic hydrous fluids. Bagiński et al. (2015)
and Macdonald et al. (2015) documented the alteration of
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chevkinite-(Ce) to a phase strongly enriched in Ti (and to a
lesser degree in Nb and Th) and depleted in Si, REE and Fe
compared to the unaltered phase.

We now complement these studies by documenting a pre-
viously unrecorded type of interaction between a CGM and
hydrothermal fluids, where chevkinite-(Ce) was altered to a
bastnäsite-(Ce)-ilmenite-columbite-(Fe) assemblage via a
complex series of intermediate steps which were arrested be-
fore equilibrium was achieved. In contrast to most previous
studies of CGM alteration, the chevkinite-(Ce) did not alter to
a member of the epidote-group, possibly because of a high
CO2/H2O ratio in the hydrothermal fluids, as discussed below.

Sample details

The material used in this study is from the Vishnevye (Cherry)
Mountains, Chelyabinsk Oblast’, southern Urals, Urals
Region, Russia. The specimen (K4) comes from the collec-
tions of Pavel Kartashov. According to the label, it was col-
lected in 1959 by P. Kalinin from vein #35. However, vein #35
is a very large nepheline-syenite pegmatite cutting across
Dolgaya Mountain. Furthermore, the vein was exploited only
from the mid-1960s. Alternatively, the specimen was collect-
ed from a small trench or surface exposure, or from a small
pegmatite vein accompanying pegmatite #35 at its northern
end. At present, this part of Dolgaya has been completely
mined out by the quarry company and is buried under dumps.

Pegmatite #35 is a strongly carbonatized vein of miaskitic
pegmatite, the carbonatization being relatively early in the alter-
ation sequence (Es’kova et al. 1964). Nepheline and then mi-
crocline were replaced by calcite, with the formation of an
apatite-biotite-calcite rock with some relict albite. The replace-
ment was accompanied by the loss of Si, Al, K, Na and the
addition of Ca, Sr, LREE, P and CO2. Early carbonatization
replaced significant volumes of felsic material, whereas a later
phase of carbonatization resulted in the formation of small car-
bonate (calcite, ferrodolomite) and quartz veinlets.

Early carbonatization involved moderate concentrations of
F in the fluid. Fluorite is a very minor phase in the albite-
biotite-calcite rocks, the main concentrator of F being Sr-
and LREE- bearing fluorapatite. Its abundance in such rocks
reaches 15–20 vol.%. Biotite-apatite veins also are known as
result of earlier carbonatization. Another concentrator of F is
Ti-bearing annite. Fluorite is present here as a minor accessory
phase but in the small veinlets of later carbonatization it is an
abundant minor rock-forming phase. Overall, it appears that
the fluids were alkaline, rich in Ca and CO2 and moderately
rich in F.

Our specimen is from an aegirine-microcline syenite peg-
matite containing a 74×2.5 cm section of a large, single crys-
tal of chevkinite-(Ce) (Fig. 1a). Along its boundary with the
microclinematrix, the crystal has been replaced by a 5–12mm

zone of ilmenite-bastnäsite-(Ce) composition. Up to 25–
30 vol.% of the original chevkinite crystal was replaced.
Given their close association, we may infer that the replace-
ment of the chevkinite was contemporary with the
carbonatization of pegmatite #35 and under the influence of
the same fluids.

Analytical methods

Mineral compositions were determined by electron micro-
probe at the Inter-Institute Analytical Complex at the Faculty
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Fig. 1 a Photograph of sample K4, showing the black, vitreous core of
chevkinite-(Ce) (Chv; Zone A), the dark grey, mottled zone of altered
chevkinite (Alt. Chv) (Zone B) and the bastnäsite-(Ce) + ilmenite
alteration rim (Zones C1, C2). b Reflected light photomicrograph of
thin section of K4, showing the relationships between the alteration
zones. The bright veinlets in the top-left part of Zone A are bastnäsite-
(Ce). The locations of Figs. 3, 4, 5 and 6 are marked
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of Geology, University of Warsaw, using a Cameca SX-100
microprobe equipped with three wavelength dispersive spec-
trometers. The conditions used for analysis of chevkinite
were: accelerating voltage 15 kV and the probe current 20 or
40 nA. Counting times were 20 s on peak and 10 s on each of
two background positions. The standards, crystals and X-ray
lines used and detection limits are given in the Appendix. The
‘PAP’φ(ρZ) program (Pouchou and Pichoir 1991) was used
for corrections. The analytical conditions differed for the other
phases: details may be obtained from the authors.
Representative analyses of all phases are presented in
Tables 1, 2, 3, 4, 5, 6, 7 and 8; the full data set is given in
Supplementary Tables 1–3.

Quantitative element distribution maps were acquired in
the Cryo-SEM laboratory, Faculty of Geology, University of
Warsaw, using a ZeissΣigma™VP FE (field emission) – SEM
equipped with new generation SDD-type two EDS (XFlash
6|10™) detectors produced by Bruker. An acceleration volt-
age of 30 kVand a 120 μm aperture with high current option
ensured the effective generation of X-rays from heavy ele-
ments (Ce and Th). EDS electron throughput and X-ray signal
amplification were configured to keep dead time below 8 %.
8×9 tiles (256×196 pixel/12.5 min. per tile) were mapped
using automatic Bruker Esprit® software functionality, but
final element distribution mosaics were assembled using a
custom-written Python™ script, and visualised by Gwyddion
software (Nečas and Klapetek 2012).

A note on mineral nomenclature is required. Without XRD
confirmation of the structure, it is not known whether the
ThSiO4 phase in K4 is thorite (tetragonal) or its dimorph
huttonite (monoclinic). The phase is here simply termed
ThSiO4.

Textural details

The varying mineral assemblages are described as a series of
zones (A, B, C1 and C2), which were formed sequentially
during the progressive fluid-induced alteration of an initial
magmatic chevkinite-(Ce) crystal. Unusually, perhaps unique-
ly, an opportunity has been provided by this crystal to see all
stages of a previously unrecorded alteration process in this
phase.

Sample K4 has a core of lustrous black to cherry-red
chevkinite-(Ce) surrounded by an alteration crust dominantly
of yellow bastnäsite-(Ce) and ilmenite (Fig. 1a). Figure 1b
shows the th in a l t e r a t i on r im sur round ing the
chevkinite-(Ce). The unaltered chevkinite-(Ce) (Zone A) is
bordered, and penetrated, by a thin, heterogeneous, sinuous,
partly stringy zone (B), dark-grey on back-scattered electron
(BSE) images, of altered chevkinite (Fig. 2). Zone C1 com-
prises a very fine-grained layer which becomes coarser into
Zone C2. Zone C1 is very difficult to resolve in our BSE

images but from its bulk composition (see below), it is taken
to be a REE-carbonate. The transition from unaltered
chevkinite-(Ce) to the alteration rim is shown in more detail
in Fig. 2a. The altered phase penetrates into the unaltered
phase as thin veinlets and is itself cut by veins of
bastnäsite-(Ce), ilmenite and ThSiO4 (Fig. 2b). In further de-
tail (Fig. 2c), the heterogeneity of the altered chevkinite (Zone
B) is marked by rapid variations in BSE intensity; it also
includes small residual patches of chevkinite-(Ce). Note the
general, but variable, coarsening of Zone C1 into Zone C2,
marked by a sharp increase in grain size, and the veins of
carbonate penetrating C1. Stringers containing ThSiO4 cut
the boundary between Zones A and B and also occur in some
carbonate veins (Figs. 2b and c). Patches with a symplectite
texture have developed locally in the transition between Zones
C1 and C2 (Fig. 3a and b). They are up to ~200 μm across and
usually rather rounded; the example shown in Fig. 3 is fan-
shaped and measures 160×100 μm. They consist mainly of
finely intergrown ilmenite and bastnäsite-(Ce). We speculate
that the texture was formed by local rapid loss of volatiles.

The main part of the alteration crust (Zone C2) is composed
of an interlocking mosaic of ilmenite, bastnäsite-(Ce),
columbite-(Fe) and quartz, with scattered crystals of aegirine
and ThSiO4 (Fig. 3c). The ilmenite has a homogeneous grey
appearance on BSE images; the REE-carbonate is generally
bright but commonly shows complex zoning, with twinned
dark areas intergrown with lighter, slightly patchy areas
(Fig. 3d). The columbite-(Fe) forms small (<40 μm), rounded
grains normally enclosed in either ilmenite or bastnäsite-(Ce)
or grown along the contact between them. It is almost invari-
ably zoned, as revealed by differences in BSE intensity. The
nature of the zoning in the columbite-(Fe) is variable. In the
upper right part of the crystal shown in Fig. 4a, a dark core is
mantled by a patchily zoned, rather brighter zone. A bright
vein cuts the core. The lower left part has patches of bright and
dark phases, mantled by a more homogeneous material. The
crystal shown in Fig. 4b comprises an oscillatory zoned region
overprinted by a darker (lower Z) phase. The presence of
veinlets indicates that the brighter material generally replaced
the darker. As far as we know, this occurrence of columbite
represents a new paragenesis for the mineral.

Aegirine mainly forms crystals located between ilmenite
and carbonate crystals (Fig. 3c). With the exception of a few
crystals, it is altered to a material which superficially looks
homogeneous but is actually composed of an interlocking
mesh of acicular phases, up to 5 μm long, that we have not
yet resolved but may be phyllosilicates. Quartz crystals are
found throughout Zone C2, often growing along the contacts
between the REE-carbonate and ilmenite (Fig. 2a).

ThSiO4 occurs in several forms, including sub-prismatic to
rounded grains in chevkinite-(Ce) (Fig. 4c), strings of small
crystals in the altered chevkinite zone (Fig. 2b and c), and
crystals associated with REE-carbonates and ilmenite in
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Table 1 Representative compositions of chevkinite-(Ce) and altered chevkinite in K4

Profile through unaltered chevkinite Random points in altered chevkinite

1 2 3 4 5 6 7 8

wt.%

P2O5 bd bd bd 0.23 0.13 0.13 0.14 0.14

Nb2O5 2.09 2.01 2.21 3.06 5.23 5.09 4.39 5.27

Ta2O5 0.09 0.08 0.11 0.05 0.08 0.08 0.100 0.11

SiO2 18.78 18.86 18.82 15.79 17.98 18.63 14.64 19.94

TiO2 15.56 15.51 15.41 26.35 38.51 35.94 32.96 34.05

ZrO2 0.24 0.21 0.35 0.37 0.73 0.58 0.53 0.60

ThO2 2.94 2.93 2.74 3.38 8.11 7.79 6.48 7.21

UO2 bd bd bd bd bd bd bd bd

Al2O3 0.19 0.22 0.20 1.34 0.34 0.40 0.32 0.45

Y2O3 bd bd bd bd bd bd bd bd

La2O3 16.09 16.22 15.84 2.39 1.35 1.32 2.17 1.66

Ce2O3 20.17 20.49 20.36 12.42 6.67 5.64 9.64 7.33

Pr2O3 1.32 1.17 1.52 bd bd bd 0.19 bd

Nd2O3 2.94 2.83 2.54 0.62 0.57 0.48 0.60 0.72

Sm2O3 0.22 bd bd bd 0.20 0.16 bd bd

Gd2O3 0.16 bd bd bd bd bd bd 0.19

MgO 0.20 0.20 0.19 3.51 0.03 0.05 0.05 0.08

CaO 2.79 2.83 2.76 2.21 2.61 2.41 2.40 2.28

MnO 0.87 0.90 0.89 0.09 bd bd bd bd

FeO* 11.22 11.14 11.42 7.31 5.13 4.76 5.48 5.39

SrO 0.44 0.46 0.49 0.07 0.12 0.13 0.15 0.23

BaO 0.13 0.14 0.21 0.94 1.61 1.53 1.27 1.26

Total 96.44 96.20 96.06 80.13 89.40 85.12 81.51 86.91

Formulae based on 22 oxygens

Ca 0.648 0.658 0.642 0.509 0.522 0.499 0.549 0.466

Ba 0.011 0.012 0.018 0.079 0.118 0.116 0.106 0.094

La 1.287 1.298 1.268 0.190 0.093 0.094 0.171 0.117

Ce 1.601 1.628 1.618 0.978 0.456 0.399 0.753 0.512

Pr 0.104 0.092 0.120 0.000 0.000 0.000 0.015 0.000

Nd 0.228 0.219 0.197 0.048 0.038 0.033 0.046 0.049

Sm 0.016 0.000 0.000 0.000 0.013 0.011 0.000 0.000

Gd 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.012

Y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Th 0.145 0.145 0.135 0.165 0.344 0.343 0.315 0.313

U 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Sum A 4.052 4.052 3.998 1.969 1.584 1.495 1.955 1.563

Fe2+ 1.000 1.000 1.000 1.000 0.801 0.770 0.978 0.860

Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Mg 0.000 0.000 0.000 0.000 0.008 0.014 0.016 0.023

Sum B 1.000 1.000 1.000 1.000 0.809 0.784 0.994 0.883

Fe2+ 1.034 1.021 1.072 0.314 0.000 0.000 0.000 0.000

Mn 0.160 0.165 0.164 0.016 0.000 0.000 0.000 0.000

Mg 0.065 0.065 0.061 1.125 0.000 0.000 0.000 0.000

Zr 0.025 0.022 0.037 0.039 0.066 0.055 0.055 0.056

Nb 0.205 0.197 0.217 0.297 0.441 0.445 0.424 0.455

Ta 0.005 0.005 0.006 0.003 0.004 0.004 0.006 0.006
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Table 1 (continued)

Profile through unaltered chevkinite Random points in altered chevkinite

1 2 3 4 5 6 7 8

Al 0.049 0.056 0.051 0.340 0.075 0.091 0.081 0.101

Ti 0.537 0.530 0.515 2.261 3.405 3.225 3.291 2.885

Sum C 2.079 2.061 2.124 4.395 3.992 3.820 3.856 3.502

Ti (=D) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Si 4.071 4.091 4.084 3.395 3.355 3.601 3.125 3.804

P 0.000 0.000 0.000 0.058 0.029 0.030 0.035 0.031

Sum T 4.071 4.091 4.084 3.453 3.384 3.631 3.160 3.835

Σ cations 13.20 13.20 13.21 12.82 11.77 11.73 11.97 11.78

FeO* all Fe as Fe2+ , bd below detection

Table 2 Representative analyses
of REE-carbonates in K4 1 2 3 4 5 6 7 8

wt.%

SiO2 0.15 0.19 bd bd bd 0.22 0.50 0.28

ThO2 2.95 1.57 0.71 0.68 bd 16.32 27.97 7.50

Y2O3 bd 0.21 bd bd bd 0.29 0.24 0.40

La2O3 31.56 30.44 30.64 28.69 22.08 18.83 15.32 21.63

Ce2O3 38.41 40.26 35.52 35.89 32.56 25.53 19.82 29.50

Pr2O3 2.08 2.09 2.36 2.06 1.97 1.47 bd 1.18

Nd2O3 4.40 6.42 3.83 5.21 5.08 2.42 1.75 4.17

Sm2O3 0.55 bd 0.57 bd bd bd bd bd

CaO 0.98 0.30 bd bd 6.83 4.75 5.76 4.74

FeO* bd 0.36 bd bd bd bd 0.93 0.22

SrO bd bd bd bd 0.73 0.75 1.31 0.68

F 10.17 10.60 9.34 8.76 5.78 6.53 5.20 6.97

Sum 91.25 92.44 82.97 81.29 75.03 77.11 78.80 77.27

O = F 4.28 4.46 3.93 3.69 2.43 2.75 2.19 2.93

Total 86.97 87.98 79.04 77.60 72.60 74.36 76.61 74.34

Formulae on basis of 1 cation

Si 0.005 0.006 0.000 0.000 0.000 0.008 0.018 0.010

Th 0.022 0.012 0.006 0.006 0.000 0.136 0.225 0.060

Y 0.000 0.004 0.000 0.000 0.000 0.006 0.005 0.007

La 0.387 0.370 0.420 0.400 0.268 0.254 0.200 0.279

Ce 0.467 0.486 0.484 0.496 0.393 0.342 0.257 0.378

Pr 0.025 0.025 0.032 0.028 0.024 0.020 0.000 0.015

Nd 0.052 0.076 0.051 0.070 0.060 0.032 0.022 0.052

Sm 0.006 0.000 0.007 0.000 0.000 0.000 0.000 0.000

Ca 0.035 0.011 0.000 0.000 0.241 0.186 0.219 0.178

Fe2+ 0.000 0.010 0.000 0.000 0.000 0.000 0.028 0.006

Sr 0.000 0.000 0.000 0.000 0.014 0.016 0.027 0.014

F 1.069 1.106 1.098 1.046 0.602 0.756 0.582 0.772

OH 0.000 0.000 0.000 0.000 0.398 0.244 0.418 0.228

Explanation: 1, 2, 3, 4 - anhedral plates in ZoneC2; 5, darker phase replacing bastnäsite-(Ce); 6, 7, lighter veinlets
in Th-rich phase (Fig. 5b); 8, anhedral grain in texturally complex part of Zone C1 FeO*, all Fe as Fe2+ , bd below
detection. OH contents calculated from the difference to unity at the OH-F site. Fluorine values exceeding unity
may be a result of the overlap of F with the analytical peak of Ce
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Zone C2. Crystals tend to be partly resorbed, patchily zoned,
and porous. As examples, the fractured, sub-prismatic crystal
in Fig. 4c consists of a lighter grey, relatively homogeneous
component largely replaced by a darker porous material,
whilst the crystal in Fig. 4d, again patchily zoned, contains
abundant pores and micropores. One crystal of monazite has
been identified in Zone C2; it is partly resorbed and shows
traces of oscillatory zoning. It has sharp contacts with ilmenite
and bastnäsite-(Ce) and was presumably coeval with them. An
analysis is provided in Supplementary Table 2c.

Throughout Zone C2, but concentrated towards the rim, the
REE-carbonate is partially replaced by a lower-Z carbonate
phase (Fig. 5a). The carbonate crystal shown in Fig. 5b has
been veined and patchily replaced by a higher-Z, Th-rich
phase which also forms the lining to the vug-like holes.
Niobian rutile forms anhedral grains up to 20 μm across in
coarser zones in the complex area immediately above Zone
C1. It persists, but with finer grain size, to the boundary with
the main alteration crust.

Niobium-rich oxide phases occur in three forms. First,
a large (300×250 μm) quartz crystal at the rim of the
alteration crust (Zone C2) has been patchily replaced by
loosely connected patches of a phase taken to be a mem-
ber of the pyrochlore supergroup (Pcl? Fig. 6a). The phase
is heterogeneous, three areas with different intensities

being distinguishable. The first forms homogeneous grey
areas; the second has slightly lower intensities. The third
type has the highest Z and forms veins and patches cut-
ting the other types. A typical example of the second type
of Nb-rich material forms a wedge interstitial to
bastnäsite-(Ce) crystals (Fig. 6b) in Zone C2, although
broadly similar material also occurs associated with
symplectites at the C1/C2 transition (Fig. 3b). The two
main textural types are a blocky, homogeneous, grey
phase and a grey phase with thin bright rims which pen-
etrates the first as fingers and patches. The nature of this
material is enigmatic. There are certain textural similari-
ties between the mosaics and the aggregated spheres of
ThSiO4 found by Seydoux-Guillaume et al. (2007) in
monazite from Arendal, Norway, which they suggested
were very similar to a gel. The intriguing possibility is
raised, therefore, that these, and perhaps other, phases in
the texturally complex part of Zones C1 and C2, were
never crystalline but formed from amorphous gels.
Third, a Nb-rich phase locally forms a thin (~20 μm)
layer replacing quartz at the outer rim of the alteration
crust (Fig. 6c). At one end, the layer breaks down into a
series of veinlets cutting a zircon crystal, the only zircon
crystal found in the sample. Veinlets also cut an ilmenite
crystal (lower left). Altered aegirine occurs at the tips of

Table 3 Representative compositions of ilmenite in K4

Zone C2 Zones C1/C2 transition associated with carbonate veins, Zone B

1 2 3 4 5 6 7 8 9 10

Nb2O5 0.64 0.55 0.82 1.23 6.81 8.06 1.34 3.72 0.68 1.04

SiO2 bd bd bd bd bd 0.10 bd 0.22 0.18 0.08

TiO2 51.35 51.86 51.69 51.04 49.05 46.40 51.47 48.82 52.71 51.17

MgO 0.04 0.04 0.03 0.02 bd bd 0.02 bd 0.01 bd

CaO bd bd bd bd bd 0.03 0.02 0.15 0.04 0.04

MnO 1.81 1.77 1.93 1.91 9.22 22.42 3.83 16.82 4.56 3.57

FeO* 45.11 44.55 44.04 44.06 31.34 18.21 39.42 23.42 37.63 38.43

Total 98.95 98.77 98.51 98.26 96.42 95.22 96.10 93.15 95.81 94.33

Formulae on basis of 3 oxygens

Si 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.006 0.005 0.002

Ti 0.987 0.999 0.995 0.990 0.992 0.951 1.023 1.008 1.049 1.036

Fe3+ 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe2+ 0.946 0.959 0.942 0.949 0.782 0.436 0.936 0.619 0.950 0.956

Mn 0.039 0.038 0.042 0.042 0.210 0.517 0.086 0.391 0.102 0.081

Mg 0.002 0.002 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000

Ca 0.000 0.000 0.010 0.000 0.000 0.001 0.001 0.004 0.001 0.001

Nb 0.008 0.007 0.011 0.016 0.094 0.113 0.018 0.053 0.009 0.014

Σ cations 2.00 2.01 2.00 2.00 2.08 2.02 2.07 2.08 2.12 2.09

Xilm 99 100 101 100 105 102 104 107 106 105

FeO* all Fe as Fe2+ , bd below detection. Further details may be found in Supplementary Table 1c
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Table 4 Representative analyses of columbite-(Fe) in K4

1 2 3 4 5 6 7 8

wt.%

WO3 0.48 0.83 0.94 0.83 0.88 0.93 1.07 1.09

P2O5 bd 0.05 0.04

Nb2O5 71.09 72.52 75.48 73.66 74.38 74.32 75.94 72.22

Ta2O5 0.27 0.56 0.28 0.47 0.42 0.45 0.24 0.48

SiO2 0.02 0.02 bd bd bd bd bd bd

TiO2 3.94 2.99 1.95 3.20 2.86 3.06 2.05 3.71

ZrO2 0. 19 0.10 0.16 0.04 0.16

ThO2 1.13 0.96 0.39 0.95 1.57 1.30 bd 0.88

Al2O3 bd bd 0.04

Sc2O3 0.53 0.40 0.41 0.45 0.25 0.14 0.16 0.19

Y2O3 1.41 0.77 0.27 1.02 0.59 0.59 0.12 0.95

La2O3 bd bd bd 0.11 bd 0.07 bd bd

Ce2O3 0.11 0.18 0.08 0.21 0.25 0.12 bd 0.22

Nd2O3 0.59 0.21 0.40 0.54 0.36 0.36 bd 0.72

Sm2O3 bd bd bd 0.30 0.19 0.26 bd 0.43

Gd2O3 0.46 0.23 0.15 0.27 0.27 0.17 bd 0.37

Dy2O3 0.40 0.48 bd

Yb2O3 0.35 0.28 bd

MgO 0.04 0.06 0.05 0.03 0.03 0.03 0.05 0.04

CaO 0.67 0.36 0.14 0.34 0.36 0.38 bd 0.48

MnO 8.17 9.58 9.90 9.98 9.23 9.55 10.03 8.82

FeO* 8.53 8.45 9.66 8.54 9.16 9.00 10.45 9.19

Total 98.19 98.93 100.18 100.90 100.90 100.89 100.15 99.95

Formulae on basis of 6 oxygens

Ca 0.041 0.022 0.008 0.020 0.022 0.023 0.000 0.029

La 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ce 0.002 0.004 0.002 0.004 0.005 0.002 0.000 0.005

Nd 0.012 0.004 0.008 0.011 0.007 0.007 0.000 0.015

Gd 0.009 0.004 0.003 0.005 0.005 0.003 0.000 0.007

Dy 0.007 0.009 0.000

Yb 0.006 0.005 0.000

Y 0.043 0.023 0.008 0.030 0.018 0.018 0.004 0.029

Th 0.015 0.012 0.005 0.012 0.020 0.017 0.000 0.011

Fe2+ 0.408 0.403 0.453 0.400 0.430 0.422 0.489 0.436

Mn 0.396 0.462 0.470 0.473 0.439 0.454 0.476 0.423

Sc 0.026 0.020 0.020 0.022 0.012 0.007 0.008 0.009

Mg 0.003 0.005 0.004 0.003 0.003 0.003 0.004 0.003

Al 0.000 0.000 0.003

W 0.004 0.007 0.008 0.007 0.007 0.008 0.009 0.009

Ti 0.170 0.128 0.082 0.135 0.121 0.129 0.086 0.158

Nb 1.840 1.869 1.915 1.865 1.887 1.885 1.922 1.851

Ta 0.004 0.009 0.004 0.007 0.006 0.007 0.004 0.007

Zr 0.000 0.003 0.004 0.001 0.004

Si 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000

P 0.000 0.002 0.002

Σ cations 2.99 2.99 2.99 2.99 2.98 2.99 3.00 3.00

FeO* all Fe as Fe2+ , bd below detection. Blank, not determined. Descriptions: analyses 1, 2, 3, small rounded blebs associated with ilmenite; 4, fractured
anhedral crystal; 5, 6, patchily zoned, anhedral prism; 7, anhedral grain in patchy zone; 8, strongly zoned crystal
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two residual quartz layers. In more detail (Fig. 6d), the
zircon and columbite-(Fe) are in contact with an uniden-
tified Th-rich material (marked ?) comprising a patchy
intergrowth of components with different Z. The bright
grains are ThSiO4, presumably formed during alteration
of the host.

Mineral compositions

Chevkinite-(Ce) and altered chevkinite

Eight new determinations of chevkinite-(Ce) from Zone A, de-
termined along the profile shown in Fig. 2b, are presented in
Table 1, and supplemented in Supplementary Table 1a by five
analyses from Macdonald et al. (2012). The phase has been

classified as chevkinite-(Ce) using the empirical discriminant
of Macdonald et al. (2009) (Fig. 7). The phase is very homo-
geneous, e.g. TiO2 varies in the range 15.25–15.67 wt.%. The
average composition, on the basis of 22 oxygens and with all Fe
calculated as Fe2+, can be expressed as (Ce1.63La1.29Ca0.65Nd0.23
Th0 . 14Pr0 . 11 )3 . 9 1Fe

2+(Fe2+1 . 01Ti0 . 5 3Nb0 .2 1Mn0 . 17

Mg0.07Al0.05)2.04Ti2.00(Si2O7)2O8, which fits well with the stan-
dard formula for the chevkinite group, A4BC2D2(Si2O7)2O8.

Compositions of the altered chevkinite (Zone B) are given
in Table 1 and Supplementary Table 1a. Compared to the
unaltered chevkinite-(Ce), the phase has elevated Ti, Th, Nb,
Zr, Al and Ba, and lower LREE, Fe, Ca, Mn and Sr. It has low
oxide totals (80.13–94.40 wt.%; average 88.61 wt.%), low
cation sums in the A and B sites and low sums of cations
(11.57–12.82 apfu; average 11.86 apfu). It is impossible to
fit the compositions satisfactorily into the standard chevkinite

Table 5 Compositions of
aegirine and altered aegirine in
K4

Aegirine Altered aegirine

1 2 3 4 5 6 7 8

wt.%

Nb2O5 0.65 0.65

Ta2O5 0.19 0.29

SiO2 51.90 51.91 48.91 49.43 52.09 49.89 44.22 46.00

TiO2 0.30 0.30 0.75 0.66 0.41 0.09 0.30 0.60

Al2O3 0.37 0.37 5.52 5.83 6.15 5.73 5.21 6.26

Cr2O3 0.32 0.26

Fe2O3* 30.41 31.02 32.41 32.60 33.32 30.29 31.35 30.82

MgO 0.49 0.53 0.74 0.83 0.34 0.20 0.62 0.38

CaO 1.44 1.51 0.84 0.66 0.51 0.26 1.01 0.63

MnO 0.13 0.16 0.11 bd bd bd 0.05 0.06

Na2O 12.57 12.46 0.06 bd bd bd bd bd

K2O bd bd 0.45 0.44 0.07 0.04 bd bd

Total 97.93 98.52 89.79 90.45 92.89 86.50 83.60 85.69

Formulae on basis of 6 oxygens

Si 2.020 2.011 1.986 1.988 2.025 2.067 1.945 1.958

Ti 0.009 0.009 0.023 0.020 0.012 0.003 0.010 0.019

Nb 0.013 0.013

Ta 0.002 0.003

Al 0.017 0.017 0.264 0.276 0.282 0.280 0.270 0.314

Cr 0.010 0.008

Fe3+ 0.891 0.904 0.991 0.987 0.974 0.944 1.038 0.987

Mn 0.004 0.005 0.004 0.000 0.000 0.000 0.002 0.002

Mg 0.028 0.031 0.045 0.050 0.020 0.012 0.041 0.024

Ca 0.060 0.063 0.037 0.028 0.021 0.012 0.048 0.029

Na 0.948 0.936 0.005 0.000 0.000 0.000 0.000 0.000

K 0.000 0.000 0.023 0.023 0.003 0.002 0.000 0.000

Σ cations 3.99 3.98 3.38 3.37 3.34 3.32 3.37 3.35

Descriptions: analyses 1, 2, ragged grain, intergrown with quartz (133×67 μm); 3, 4, crystal associated with
ilmenite (240×200μm); 5, 6, rectangular crystal with ilmenite and carbonate (215×143 μm); 7, in symplectite; 8,
in wedge between ilmenite and carbonate. Fe2O3* all Fe as Fe3+ , bd below detection
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formula , as shown by the average composit ion:
((Ce0.61Ca0.48Th0.31La0.13Ba0.10Nd0.05)1.68Fe

2+
0.79(Ti3.04Nb0.43-

Al0.11Mg0.08Fe
2+

0.06Zr0.06)3.78Ti2.00(Si1.82O7)2O8) There has

been a major loss of La relative to the other LREE, e.g. average
La/Ce atomic ratios are 0.79 and 0.22 in unaltered and altered
types, respectively.

Table 6 Representative compositions of ThSiO4 in K4

1 2 3 4 5 6 7 8 9 10

wt%

P2O5 5.17 1.02 1.17 0.86 0.32 0.90 0.17 1.22 0.88 1.17

SiO2 14.34 17.69 16.17 17.17 14.00 5.82 15.99 16.50 13.30 12.64

TiO2 0.12 0.10 0.05 0.05 0.38 2.05 0.16 0.14 bd 0.07

ThO2 63.01 61.31 70.41 63.00 71.89 60.47 72.09 61.75 68.24 68.70

UO2 0.79 0.84 0.67 0.53 0.75 0.55 0.67 0.78 0.65 0.70

Al2O3 bd bd bd bd 0.18 0.17 0.28 0.02 0.09 0.10

Y2O3 bd bd bd bd 0.25 bd 0.42 bd 0.37 0.66

La2O3 4.75 2.77 2.11 1.63 0.26 2.50 bd 2.73 0.33 0.47

Ce2O3 6.77 3.48 2.69 2.37 0.25 2.83 0.27 3.83 0.88 1.07

Pr2O3 bd 0.55 0.58 bd 0.37 bd 0.15 0.16 0.26 bd

Nd2O3 1.00 0.75 0.53 0.36 bd 0.63 0.23 0.79 0.28 0.39

Sm2O3 bd bd 0.53 0.36 bd bd bd bd 0.51 bd

Gd2O3 bd bd bd 0.33 bd 0.31 bd bd bd 0.47

CaO 0.52 1.80 1.04 2.20 1.35 1.96 1.22 1.48 1.56 1.77

MnO 0.06 0.16 bd 0.31 bd bd bd 0.20 bd bd

FeO* 0.11 1.45 1.34 1.47 0.60 3.89 0.56 3.78 0.79 0.41

PbO 0.60 bd bd bd bd bd bd 0.28 bd bd

F bd bd 0.39 0.38 0.47 0.89 0.59 bd 0.36 0.38

Sum 97.24 91.92 97.68 91.02 91.07 82.97 92.80 93.66 88.50 89.00

O = F 0.00 0.00 0.16 0.16 0.20 0.37 0.25 0.00 0.15 0.16

Total 97.24 91.92 97.52 90.86 90.87 82.60 92.55 93.66 88.35 88.84

Formulae on basis of 4 oxygens

Th 0.749 0.761 0.871 0.793 0.996 1.009 0.950 0.766 0.967 0.976

U 0.009 0.010 0.008 0.007 0.010 0.009 0.009 0.009 0.009 0.010

Pb 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000

P 0.229 0.047 0.054 0.040 0.016 0.056 0.008 0.056 0.046 0.062

La 0.092 0.056 0.042 0.033 0.006 0.068 0.000 0.055 0.008 0.011

Ce 0.129 0.069 0.054 0.048 0.006 0.076 0.006 0.076 0.020 0.024

Pr 0.000 0.011 0.011 0.000 0.008 0.000 0.003 0.003 0.006 0.000

Nd 0.019 0.015 0.010 0.007 0.000 0.016 0.005 0.015 0.006 0.009

Sm 0.000 0.000 0.010 0.007 0.000 0.000 0.000 0.000 0.011 0.000

Gd 0.000 0.000 0.000 0.006 0.000 0.008 0.000 0.000 0.000 0.010

Y 0.000 0.000 0.000 0.000 0.008 0.000 0.013 0.000 0.012 0.022

Ca 0.029 0.105 0.061 0.130 0.088 0.154 0.076 0.086 0.104 0.118

Ti 0.005 0.004 0.002 0.002 0.017 0.113 0.007 0.006 0.000 0.003

Fe2+ 0.005 0.066 0.061 0.068 0.031 0.238 0.027 0.172 0.041 0.021

Mn 0.003 0.007 0.000 0.015 0.000 0.000 0.000 0.009 0.000 0.000

Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Si 0.749 0.964 0.879 0.949 0.853 0.426 0.926 0.900 0.828 0.789

F 0.000 0.000 0.067 0.066 0.091 0.206 0.108 0.000 0.071 0.075

Σ cations 2.03 2.12 2.06 2.11 2.07 2.07 2.07 2.07 2.07 2.07

Descriptions: 1, round grain in chevkinite-(Ce) (42×28 μm); 2, elongate grain in chevkinite-(Ce) (70×14 μm); 3, 4, patchily zoned porous grain (145×
45 μm); 5, 6, patchily zoned, partly resorbed crystal (120×50 μm); 7, anhedral grain (70×45 μm); 8, porous anhedral grain (50×30 μm); 9, 10, core and
rim of partly resorbed plate (49×38 μm). FeO* all Fe as Fe2+ , bd below detection
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Bastnäsite-(Ce)

Representative analyses of REE-carbonates are given in
Table 2 and the full data set in Supplementary Table 1b. The
dominant REE-carbonate in Zone C2 is bastnäsite-(Ce) with
modest Th (≤0.022 apfu) and low Ca (≤0.034 apfu) contents.
Fluorine values range from 0.94 to 1.11 apfu, close to the
maximum for the site, 1 apfu. The darker areas in the zoned
crystals (Fig. 3d) have higher Ca and Th contents than the
brighter patches. The REE-carbonate in Zone C1 is also
bastnäsite-(Ce), with small amounts of hydroxyl (≤0.064
apfu). It has higher levels of Ca (≤0.092 apfu) and Th
(≤0.077 apfu) than the Zone C2 crystals.

The small anhedral grains with lower intensity concentrat-
ed towards the outer rims of the alteration crust (Fig. 5a) are
considerably more calcic than the main REE-carbonate, with
Ca ≤0.25 apfu; they also have a larger OH content, up to 0.40
apfu. It is possible that this phase is a fine intergrowth of
bastnäsite and parisite (CaREE2(CO3)3F2), the texture not be-
ing detectable by SEM imaging. An unusual subhedral grain
(~200 μm across) at the rim shows a medium-Z
bastnäsite-(Ce) containing trails and patches of a higher-Z

material with Th up to 0.24 apfu (Fig. 5b). Overall, the entry
of Th into the REE-carbonates seems to be matched by Ca via
the substitution Th4+ + Ca2+=2REE3+ (Fig. 8), as found by
Johan and Johan (2005) in bastnäsite-(Ce) from the Cínovec
granite cupola, Czech Republic. Chondrite normalised REE
patterns age given in Fig. 9.

Ilmenite

The FeTi-oxide associated with columbite-(Fe) and
bastnäsite-(Ce) in Zone C2 is ilmenite (Xilm ~100 %), with
minor amounts of Mn (≤0.04 apfu) (Table 3; Supplementary
Table 1c). The ilmenite near the contact between Zones C1
and C2, i.e. in the same area as the niobian rutile, and in veins
cutting the altered chevkinite has variable, but higher, Mn
contents (≤0.52 apfu; ≤22.42 wt.% MnO). They also show
impossibly high Xilm values up to 110. The anomalous analy-
ses represent the phase Bferropseudobrookite^ (Fe2+Ti4+2O3),
which Sakoma and Martin (2002) reported as forming by
oxidation of ilmenite in a syenitic aplite dyke of the Tibchi
complex, Kalato, Nigeria. They suggested that the
Bferropseudobrookite^ was stabilised by the incorporation of

Table 7 Compositions of niobian rutile in K4

1 2 3 4 5 6 7 8 9 10

wt%

Nb2O5 6.50 10.33 10.03 4.91 9.71 5.69 11.59 7.71 7.99 10.31

SiO2 0.63 0.51 0.54 0.83 0.46 0.16 0.08 1.32 0.53 0.65

TiO2 88.20 85.87 86.06 89.70 85.90 87.01 80.19 86.11 87.30 80.37

ZrO2 bd 0.14 0.14 bd 0.12 bd 0.93 bd bd 0.28

Al2O3 0.10 0.06 0.04 0.24 0.08 0.19 bd 0.43 0.09 0.08

Cr2O3 0.07 0.05 0.04 0.04 0.03 bd 0.26 0.03 0.03 0.19

MgO bd 0.04 bd bd 0.03 bd bd 0.05 0.03 0.03

CaO 0.08 0.08 0.14 0.14 0.09 0.32 0.05 0.11 0.13 0.16

FeO* 2.61 1.67 1.50 2.12 1.53 1.13 3.99 1.87 1.34 3.13

MnO bd bd bd 0.08 bd bd bd 0.09 0.07 0.17

Total 98.19 98.75 98.49 98.06 97.95 94.50 97.09 97.72 97.51 95.37

Formulae on the basis of 2 oxygens

Nb 0.041 0.065 0.063 0.031 0.061 0.037 0.076 0.049 0.051 0.068

Si 0.009 0.007 0.008 0.011 0.006 0.002 0.001 0.018 0.007 0.009

Ti 0.923 0.899 0.902 0.933 0.905 0.940 0.871 0.903 0.919 0.879

Al 0.002 0.001 0.001 0.004 0.001 0.003 0.000 0.007 0.001 0.001

Zr 0.000 0.001 0.001 0.000 0.001 0.000 0.007 0.000 0.000 0.002

Cr 0.001 0.001 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.002

Mg 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.001

Ca 0.001 0.001 0.002 0.002 0.001 0.005 0.001 0.002 0.002 0.002

Fe2+ 0.030 0.019 0.017 0.025 0.018 0.014 0.048 0.022 0.016 0.038

Mn 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.002

Σ cations 1.01 0.99 0.99 1.01 0.99 1.00 1.01 1.00 1.00 1.01

All analyses from anhedral grains in coarser area in Zone C1. Largest grain is 23×9 μm. FeO* all Fe as Fe2+ , bd below detection
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Nb, Ta and Si. Several point analyses in the contact zone
between Zones B and C are indeed Nb-rich (≤8.06 wt.%
Nb2O5).

Columbite-(Fe)

The general formula for minerals of the columbite group is
AB2O6, where A=Fe2+, Mn, Mg and B=Nb, Ta. Minor
amounts of Fe3+, Sc, Ti, Sn and W are common. Electron
microprobe data for columbite in K4 are given in Table 4
and Supplementary Table 2a. Oxide totals are in the range
98.18–100.18 wt.% (average 98.93 wt.%) and the cation
sums, calculated on the basis of 6 oxygens, range from 2.99
to 3.02 apfu (average 3.00 apfu). Both Fe- and Mn-dominant

types are present but since the average Fe and Mn values are
0.46 and 0.45 apfu, respectively, we refer to the phase in

Table 8 Representative analyses of Nb-rich phases

1 2 3 4 5 6 7 8

wt.%

WO3 0.78 0.96

P2O5 0.21 0.46

Nb2O5 66.79 66.29 32.97 31.02 20.93 12.37 18.17 17.15

Ta2O5 0.99 bd 0.07 bd

SiO2 bd bd 6.51 1.70 14.52 10.25 10.94 15.86

TiO2 3.43 3.49 15.14 20.72 5.80 7.42 3.76 4.19

ZrO2 bd bd bd bd 6.80 3.38 1.31 1.25

ThO2 bd bd 18.58 10.74 30.59 30.03 40.28 34.82

UO2 bd bd bd bd 0.16 bd 0.25 0.32

Al2O3 0.33 0.42 0.53 1.11

Y2O3 bd bd 1.12 2.17

La2O3 0.28 bd 0.99 1.48 0.41 3.91 0.61 0.46

Ce2O3 0.77 0.58 7.05 9.97 0.79 5.84 0.99 0.79

Pr2O3 bd bd bd 1.31 bd bd bd bd

Nd2O3 bd bd 3.65 5.44 0.18 0.61 bd 0.29

Sm2O3 bd bd 0.60 0.54 bd bd bd bd

Gd2O3 bd bd 0.80 1.28 bd bd bd bd

MgO 0.13 0.10 0.10 0.17

CaO 15.04 14.76 2.08 2.65 1.43 1.49 1.30 1.20

FeO* 0.31 bd 1.34 2.40 1.78 3.08 2.91 5.46

MnO bd bd 0.81 bd 0.08 0.37 0.09 0.09

SrO 3.52 3.59 0.52 bd 0.25 0.43

BaO bd bd 2.73 0.29 0.59 0.30 0.25 0.16

Na2O 7.28 7.48 bd 0.08 bd bd bd bd

F 5.22 5.64 bd bd bd 0.37

Sum 102.64 101.83 94.89 91.79 80.30 72.58 81.56 83.32

O = F 2.20 2.37 0.00 0.00 0.00 0.16

Total 100.44 99.46 94.89 91.79 80.30 72.42 81.56 83.32

Explanation: 1, 2, in anhedral grain intergrown with quartz (Fig. 6a); 3–4,
in band rimming Zone C (Fig. 6c); 5, 6, in interstitial wedge, Zone C1
(Fig. 6b); 7, 8, associated with symplectites, Zone C1

FeO* all Fe as Fe2+ , bd below detection, Blank, not determined
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Fig. 2 a More detailed (inverted) BSE image of the lower left part of
Fig. 1b, with the main phases labelled: Bst, bastnäsite-(Ce); Col, colum-
bite-(Fe); Ilm, ilmenite; Qtz, quartz; Thr, ThSiO4. Note, in particular, the
textural complexity of the area between Zones C1 and C2. b BSE image
of the relationships between Zones A, B and C. Analyses made along the
profile a-b marked in the chevkinite-(Ce) are presented in Supplementary
Table 1a. c This BSE image stresses the complexity of the relationships
shown in Fig. 2b
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general as columbite-(Fe). The phase contains significant
levels of TiO2 (1.73–4.06 wt.%; 0.075–0.106 apfu), in-
dicating modest solid solution towards rutile, Sc2O3

(0.25–0.53 wt.%), WO3 (0.48–2.31 wt.%) and MgO
(≤0.07 wt.%). The contents of REE2O3 (0.15–

3.32 wt.%) are unusually high, judging from general
studies of columbite composition by Ercit et al. (1995)
and Wise et al. (1998).

Zonation in the columbite takes two forms, oscillatory and
patchy (Fig. 4). Oscillatory zoning in columbite is most

a b

c d

Fig. 3 BSE images showing, a
Transition from Zone C1 to C2,
showing the large increase in
grain size. The coarser area
includes small patches of the
finer-grained material. b
Symplectite texture composed of
an intergrowth of ilmenite and
bastnasite-(Ce). A small grey
grain of a Nb-rich phase is also
seen. c Zone C2 is an interlocking
mosaic of ilmenite, bastnäsite-
(Ce), columbite-(Fe) and quartz
(not seen on this image). The
darkest phase is aegirine (Aeg). d
Zoning in bastnäsite-(Ce)

a b

c d

Fig. 4 a Zoning in columbite-
(Fe). The upper fragment has a
fairly homogeneous darker core;
the remainder of the crystal is a
patchy intergrowth of darker and
lighter components, the lighter
apparently of later formation (and
see the light veinlet in the dark
core). b Oscillatory zoning in the
upper left part of this columbite-
(Fe) has been truncated by a
patchy darker material, in turn cut
by a lighter vein. c Partly
resorbed, fractured ThSiO4 with
patchy zonation and a porosity
which is most fully developed in
the darker zones. d Patchily
zoned, originally prismatic,
ThSiO4 containing abundant
pores (arrowed)
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commonly found in granites and pegmatites (Abdalla et al.
1998; Lahti 2000; Tindle and Breaks 2000; Rao et al. 2009;
Wise and Brown 2011) and is taken to be a primary crystalli-
zation texture. Patchy zoning, as exemplified in Fig. 4b, has
been reported by Lahti (1987, 2000), Abdalla et al. (1998),
Tindle and Breaks (2000) and Wise and Brown (2011) and is
usually ascribed to hydrothermal alteration of the columbite.
Compositional variation in both types of zoning can be broad-
ly expressed as (Fe2+ + Nb5+ +W6+)↔ (REE3+ + Th4+ + Ti4+

+ Mn2+) (Fig. 10).

Aegirine

Aegirine in the main alteration rim has the composition
Na0.94Ca0.06Fe

3+
0.90Mg0.03 Si2.02O6. From its textural rela-

tionships with the bastnäsite-(Ce) and columbite-(Fe), we

infer that it formed from the hydrothermal fluids. In the ma-
jority of cases it has been strongly altered, with addition of
significant amounts of Al (5.21–6.26 wt.% Al2O3), almost
total removal of Na (to below detection) and decrease of the
sum of cations (3.32–3.38 apfu) (Table 5). It is clear fromBSE
images that at least two phases are contributing to the bulk
composition; judging from the morphology and significant Al
content it is possible that one at least is a phyllosilicate. The
formulae for the altered phase in Table 5 are given for com-
parison with the unaltered phase; there is no implication that it
represents aegirine.

ThSiO4

Representative analyses of ThSiO4 are given in Table 6 and
the full data set in Supplementary Table 2b. Oxide totals are

Fig. 5 aA darker REE-carbonate
(Bst2) has a sharp contact with,
and partially penetrates,
bastnäsite-(Ce) (Bst1) at the rim
of the alteration crust (Zone C). b
A REE-carbonate crystal, in
contact with columbite-(Fe) and
ilmenite, is veined by a more
Th-rich carbonate which also
forms small tooth-shaped crystals
lining vug-like holes (arrowed)

a

c

b

d

Fig. 6 a A Nb-rich phase,
possibly Bfluorcalciopyrochlore^,
replaces quartz in a complex
composite grain at the rim of the
alteration crust. b Complex
intergrowth of unidentified Nb-
and Th-bearing phases in Zone C.
The wedge also contains altered
ThSiO4 and altered aegirine. c
The rim of the alteration crust is
locally rimmed by a thin band of
an unidentified Nb-rich phase
which has replaced quartz. The
phase veins zircon and ilmenite
crystals. d Blow-up of the central
part of Fig. 6c. Bright grains of
ThSiO4 are included in an
unidentified Th-rich phase (?)
apparently altered to a complex
mix of components of different
intensities

Hydrothermal alteration of chevkinite 671



low, 82.60–97.24 wt.%, and the cation sums are high (2.03–
2.39 apfu), clear indicators that the mineral has been signifi-
cantly altered. SiO2 levels are as low as 5.51 wt.%, raising
doubts that the material is, or was, crystalline but was perhaps
derived from an amorphous gel. The abundances of certain
non-formula elements are high: P2O5≤8.24 wt.%, CaO
≤3.02 wt.%; ΣREE2O3≤22.44 wt.%; FeO* 4.05 wt.%, and
TiO2≤2.05 wt.%, the REE being dominated by the LREE.
These elements are known to be incorporated into ThSiO4

during interaction with hydrothermal fluids (Lumpkin and
Chakoumakos 1988; Pointer et al. 1988; Johan and Johan
2005; Förster 2006; Berger et al. 2008; Uher et al. 2009;
Soman et al. 2010; Piilonen et al. 2013). The proportion of

OH in the formulae was calculated from charge balance and
ranged from 0.0 to 2.4 (Supplementary Table 2b).

As shown on a REE-Ca-Fe plot (Fig. 11), there are large
variations within individual crystals and major overlaps be-
tween ThSiO4 phases from Zones A and B. ThSiO4 from
Zone C2 plots, however, nearer the REE-Ca sideline than
those from the other zones. It appears that incorporation of
the non-formula elements into the ThSiO4 was heavily depen-
dent on the local conditions, especially rapid variations in the
composition of the fluid phase(s).

Nb-bearing phases

Compositions of niobian rutile are given in Table 7. The main
variations are in Ti, Nb and Fe contents and the compositional
range is from Ti0.87Nb0.08Fe0.05 to Ti0.94Nb0.04Fe0.01.

Compositions of the other Nb-bearing phases are presented
in Table 8 and Supplementary Table 3a. The phase replacing
quartz (Fig. 6a) and described above as Bhomogeneous grey^
contains high levels of Nb2O5 (63.8–66.79 wt.%), CaO
(14.56–15.04 wt.%), Na2O (7.02–7.48 wt.%), SrO (3.25–
3.59 wt.%) and F (5.22–5.64 wt.%). The average composi-
tions at the A and B sites, on the basis of B cations = 2, are
Ca0.98Na0.87Sr0.13 apfu and Nb1.83Ti0.16 apfu, respectively.

Fig. 7 Empirical discrimination plot of chevkinite and perrierite
(Macdonald et al. 2009). The unaltered chevkinite-(Ce) plots in the
chevkinite field, whereas the altered chevkinite spreads into the
perrierite field. Data from Supplementary Table 1a

Fig. 8 Possible coupled substitution scheme for bastnäsite-(Ce). The
phase in Zone C1 tends to have higher Ca and Th than crystals in the
main part of Zone C. Analyses with (Ca+Th) >0.3 are from the higher Z
material in the Th-rich grain shown in Fig. 5b. Data from Supplementary
Table 1b. Compositions of bastnäsite-(Ce) from the Cínovec granite
cupola, Czech Republic, are given for comparison (Johan and Johan
2005). The location of the majority of analyses below the x+y=2 line
may partly be due to the presence of MREE and HREE just below the
limit of detection of the electron microprobe technique
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Fig. 9 Chondrite-normalised LREE patterns for bastnäsite-(Ce). Patterns
1 and 2 are from Zone C2 (Table 2, nos. 1, 2); pattern 3 from darker, more
calcic phase at rim (Table 2, no. 5; Fig. 5b); pattern 4, lighter vein in Th-
rich crystal (Table 2, no. 7; Fig. 5b); pattern 5, in Zone C1 (Table 2, no. 8).
Normalising factors from Sun and McDonough (1989)

Fig. 10 Possible coupled substitution scheme for columbite. The
oscillatory and patchily zoned areas are in the same crystal (Fig. 4b).
Data from Supplementary Table 2a. Literature data from Lahti (1987),
Abdalla et al. (1998), Tindle and Breaks (2000) and Wise and Brown
(2011)
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The content of F is 1.07 apfu. The phase belongs to the
pyrochlore supergroup and following recommendations in
Atenc io e t a l . ( 2010 ) , i t i s c au t i ous ly t e rmed
Bfluorcalciopyrochlore^ here. The two other components are
compositionally slightly different, with variable proportions
of Nb, Th, Na and Ca.

The thin band forming the outer rim of the alteration
crust (Fig. 6c) has high contents of Nb2O5 (31.02–
32.97 wt.%) and TiO2 (15.14–22.01 wt.%), and high
but variable ThO2 contents (5.81–18.58 wt.%).
Abundances of BaO, REE2O3 and SiO2 are also very
variable. The analytical totals are low, 91.79–
94.89 wt.%, and the phase is clearly strongly altered.

The phase (or phases) in the interstitial wedge
(Fig. 6b) and symplectites (Fig. 3b) contains high
ThO2 (22.35–40.28 wt .%) and Nb2O5 (10.93–
20.93 wt.%) and moderately high and variable abun-
dances of SiO2 (10.25–15.86 wt.%), ZrO2 (1.31–
10.74 wt.%) and TiO2 (3.76–7.42 wt.%). One phase in
the wedge has high Nb2O5 (65.07 wt.%), CaO
(13.71 wt.% and F (2.32 wt.%) and low ThO2

(0.71 wt.%) and may be a member of the pyrochlore
supergroup. It is not clear as to which mineral species
the other phases belong; if, however, they formed from
gels, as suggested above, they cannot be considered as
mineral species.

Whilst many important textural, compositional and struc-
tural features of the Nb-rich phases are as yet unknown, the
point to be stressed is that they provide evidence of the mo-
bility of Nb and Th in the latest stages of the alteration process.
It is suggested below that the Nb may have been released by
alteration of columbite.

Discussion

Sequence of events

We infer the following stages in what was essentially a con-
tinuous replacement process (Fig. 12).

Hydrothermal alteration of chevkinite-(Ce) released
LREE, Fe, Ca and Mn and concentrated 4- and 5-
valent cations (Ti, Th, Zr, Nb) in the residual, altered
chevkinite, phase.

2* Ce1:6La1:3Ca0:65Nd0:23Th0:14Pr0:11ð Þ4:03 Fe2þ

Fe2þ1:0Ti0:53Nb0:21Mn0:17Mg0:07Al0:05
� �

2:04Ti2:0

Si2O7ð Þ2O8; þ 0:16Ba þ fluid→

chevkinite− Ceð Þ

Ce0:61Ca0:48Th0:31La0:13Ba0:10Nd0:05ð Þ1:68 Fe2þ0:79 Ti3:0Nb0:43Al0:11Mg0:08 Fe
2þ

0:06Zr0:06
� �

3:74
Ti2:0 Si1:8O7ð Þ2O8

� �

altered chevkinite

þ 4:1LREE þ 3:2Fe þ 0:82Ca þ 0:17Mn þ 0:18 Si

The development of the main alteration rim began with the
formation of Zone C1 rimming Zone B. As the rim developed,
crystal size increased. A particularly complex zone occurs
immediately before Zone C2, where there was local

development of symplectites comprising intergrowths of
Mn-rich ilmenite and bastnäsite-(Ce) and rapid variations in
grain size and texture (Figs. 2 and 3). Niobian rutile and
ferropseudobrookite occur in coarser areas. These features
possibly reflect the kinetics of the replacement process, Zone
C2 being a product of the recrystallization of Zone C1. The
recrystallization was accompanied by an increase in the grain

Fig. 11 Relative proportions of REE-Ca-Fe in ThSiO4. There are no
simple correlations between the elements and there are large ranges even
in single crystals (shown as selected fields or connected by solid lines).
ThSiO4 from Zone C2 tends to have higher Ca than those from Zones A
and B. Data from Supplementary Table 2b
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size of the bastnäsite-(Ce) and ilmenite and expulsion from
them of elements able to form their own phases, namely Th
into ThSiO4 and Nb into columbite-(Fe). Aegirine and quartz
also formed at this stage but became slightly more abundant
towards the rim. Formation of Zone C2 was accompanied by
veining of Zones C1, A and B by REE-carbonate and, less
commonly, ilmenite and ThSiO4 (Fig. 2b and c).

A final stage included the alteration of the aegirine,
with removal of Na and addition of Al, partial replace-
ment of the ilmenite by ferropseudobrookite, formation
of the Bfluorcalciopyrochlore^ and unidentified Nb-rich
p h a s e s ( F i g . 6 ) , t h e l o c a l r e p l a c em e n t o f

bastnäsite-(Ce) by the more calcic variety, visible as
red gra ins on a Ca element d is t r ibu t ion map
(Fig. 13), and by the Th-rich variety (Fig. 5b). We
speculated above that the ThSiO4 was not crystalline
but formed instead from amorphous gels. The forma-
tion of ThSiO4 in Zone C2 may have been connected
with the crystallization of these gels in the presence of
excess SiO2, which prevented the formation of
thorobastnäsite, as occurs in Zone C1.

Ignoring the complexities of the intermediate stages, the
critical reaction in the alteration of the chevkinite-(Ce) can
be given as:

2 Ce3:5Ca0:5½ ÞΣ4 Fe Fe1:5Ti0:5ð ÞΣ2Ti2 Si2O7ð Þ2 O;OHð Þ8
i
þ 8CO2 þ 7F ¼ 7CeCO3F þ 5FeTiO3 þ 8SiO2þ

chevkinite− Ceð Þ bastn site ilmenite quartz

CaCO3 þ 5O

Behaviour of selected elements during alteration

Thorium

During alteration, Th was initially concentrated in the altered
chevkinite and in the bastnäsite-(Ce) of Zone C1. In Zone C2
it formed ThSiO4, the white spots on the Th element

distribution map (Fig. 13), with small amounts also entering
columbite-(Fe). The occurrence of ThSiO4 in veinlets cutting
Zones B and C1, and in the Nb-rich phases and Th-rich
bastnäsite at the rim of the alteration crust (Figs. 5 and 6),
indicates that it was locally mobile, perhaps because in some
cases it was in a non-crystalline, gel-like form. The mobility is
consistent with the hydrothermal fluid being highly alkaline,
where the element shows high solubility (Oelkers and
Poitrasson 2002; Budzyń et al. 2011; Harlov et al. 2011).
Generally, however, it appears that Th was retained in the alter-
ation zone and was not lost from the system.

Niobium

Like Th, Nb initially concentrated in the altered
chevkinite. With the formation of Zone C2, it formed
columbite-(Fe), the white spots on Fig. 13, with signifi-
cant amounts also locally entering rutile (≤11.59 wt.%
Nb2O5) and ilmenite (≤6.81 wt.% Nb2O5). Localised mo-
bility of Nb is demonstrated by the phase rimming the
alteration crust (Fig. 6c). However, Th appears largely to
have been retained in the system.

Titanium

Titanium was strongly enriched in the altered chevkinite and
then subsequently entered ilmenite and columbite-(Fe) in
Zone C (Fig. 13). A point of interest is the occurrence of
ilmenite in veins in Zones B and C1 (Fig. 2b and c), indicating
some solubility of Ti in the fluids. If Ti was also in a gel form,
its mobility would have been significantly increased.

Chevkinite-(Ce)

“niobates”
“phyllosilicates?”

Th-bastnäsite-(Ce)

ilmenite
+ bastnäsite-(Ce)

?

A
e

n
o

Z

Fig. 12 Simplified sequence of events during alteration of chevkinite-(Ce)
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Rare earth elements

The behaviour of the REE during alteration of the
chevkinite-(Ce) was complex. Formation of the altered
chevkinite zone released significant proportions of LREE, as
exemplified by Ce on Fig. 13. The selective mobility of La
relative to the other LREE may have reflected the high alka-
linity of the fluids. The REE were tied up in the
bastnäsite-(Ce) in Zone C1 and then in bastnäsite-(Ce)
in Zone C2. At that stage, significant amounts of REE also
entered ThSiO4, the proportions being highly variable, e.g.
[La/Y]CN ranges from ~1 to 50. The absence of any secondary
La-dominant phase suggests that at least part of the La was
transported out of the system by fluids.

Iron and manganese

Iron was depleted in the altered chevkinite and mainly
partitioned into ilmenite and columbite-(Fe) in Zone C2.
Late-stage ilmenite-bearing veinlets occur in the

chevkinite-(Ce). Manganese makes some interesting contrasts
with Fe. In particular, the Mn-rich ilmenite in the part of Zone
C2 just above Zone C1 stands out as distinct, speckled, light
areas and the columbite-(Fe) forms white spots in Zone C2
(Fig. 13).

Calcium

The Ca element distribution map (Fig. 13) shows in particular
the incipient alteration along fractures in the chevkinite-(Ce).
It also shows the patchy distribution of the calcic
bastnäsite-(Ce) (red spots), interpreted here as a late replace-
ment of the bastnäsite-(Ce).

Nature of the hydrothermal fluids

The formation of abundant bastnäsite-(Ce) is a priori
evidence that the fluids were very CO2-rich. The high
F content of the carbonate in Zone C2 points also to a

Fig. 13 Element distribution
maps covering the thin section
shown in Fig. 1b
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high F content in the fluids. The higher levels of Ca
and (inferred) OH in the bastnäsite-(Ce) in Zone C1
may indicate that the activity of F was lower and that
of water higher, at least locally, during that stage. In the
latest stages, the formation of the calcic bastnäsite-(Ce)
signalled a return to slightly higher Ca and water activ-
ities. The fluid also contained small quantities of P, now
incorporated into the rare monazite-(Ce). It was noted
above that there was formation of abundant apatite dur-
ing the earlier carbonatization of the pegmatites; in con-
trast, the P contents of the fluids altering the aegirine-
microcline pegmatite were unusually low. There is no
evidence for significant Cl or S components in the
fluids.

Some, rather contradictory, evidence as to the fO2 of
the fluids is given by the FeTi-oxides. It has been
shown experimentally (Lindsley 1991) and empirically
(Sakoma and Martin 2002) that rutile, hematite and
‘ferropseudobrookite’ form in primary ilmenite through
oxidation-induced exsolution. The calculated ilmenite-
rutile reaction is located between the Ni-NiO and
magnetite-hematite buffers (Zhao et al. 1999, and refer-
ences therein). The presence of niobian rutile in parts of
Zone C1 suggests that at that stage the fO2 was rela-
tively high but did not exceed the magnetite-hematite
bu f f e r. I n con t r a s t , t h e h i gh MnO con t en t s
(≤16.82 wt% MnO) in ilmenite close to the boundary
between Zones C1 and C2 might point to lower fO2

during its formation (Cassidy et al. 1988). A period of
lower fO2 might also have followed the crystallization
of aegirine (Markl et al. 2010) and the absence of Fe3+

in the ferropseudobrookite also points to relatively low
fO2.

Relationships between CGM composition and nature
of accessories

Columbite is a typical product of the hydrothermal al-
teration of pyrochlore in many carbonatites (including
calcite carbonatites of the Vishevye Mts), syenites (in-
cluding syenite-pegmatites of Vishevye Mts) and alkali
granites during the later stages of alteration. As exam-
ples, Uher et al. (2009) found columbite-(Fe) forming
rare irregular intergrowths with Nb-Ta-rich rutile in the
Prašivá granitic pegmatites, Slovakia. Doroshkevich
et al. (2009, p.1113) described columbite + quartz re-
placing pyrochlore in the Amba Dongar carbonatite
complex, Gujarat, India, and Lahti (2000, p. 112) re-
corded pyrochlore-microlite replacing marginal parts of
columbite crystals and small columbite-group phases

occurring in pyrochlore samples from granitic pegma-
tites of the Eräjärvi district, South Finland. René and
Škoda (2011) recorded W-enriched columbite-(Fe)
forming inclusions in some rutile grains from alkali-
feldspar granites of the Krásno-Horni Slavkov ore dis-
trict, Czech Republic. Sakoma and Martin (2002) de-
scribed a columbite-(Fe)-ilmenite-‘ferropseudobrookite’-
rutile assemblage in an aplitic syenite dyke of the
Tibchi granite complex, Nigerian Younger Granite igne-
ous province, suggesting crystallization of columbite
and primary ilmenite during the magmatic stage and of
secondary Mn-rich ilmenite, ‘ferropseudobrookite’ and
rutile during the postmagmatic stages. In K4, the
columbite-(Fe) is associated with ilmenite and
bastnäsite-(Ce), in what appears to be the first record
of this paragenesis. The question arises, What promoted
the crystallization of columbite?

In alkaline magmatic systems, the solubility of co-
lumbite is high, even at low temperatures, and
especially when fluxed by F. Linnen and Keppler
(1997) suggested that columbite saturation in natural
alkaline melts is unlikely and that pyrochlore is more
likely to form. The further question arises: why did
columbite form rather than Nb,Ti,REE-oxides, rutile or
niobian ilmenite? It may be that columbite has very low
solubility in CO2-rich fluids and that two potential as-
semblages may be distinguished: 1: ilmenite + colum-
bite + REE-carbonate, and 2: ilmenite + titanite + rutile
+ Nb-oxides. The first is stabilised by high X(CO2) and/
or low Ca activity and the second by lower X(CO2) and
higher Ca activity. A limit to the Ca activity might have
been given, however, by reactions of the type:
2CeCO3F + CaO =CaF2 + Ce2O3 + CO2 (Hsu 1992;
Guastoni et al. 2009).

The fact that the chevkinite did not alter to allanite,
as commonly described in the alteration of chevkinite,
may be ascribed to the loss from the system of much of
the Si and Ca, to the scarcity of mobile Al in the sys-
tem, and possibly also to high X(CO2). The replacement
of allanite by REE-carbonates has been described by
Berger et al. (2008), Savel’eva and Karmanov (2008)
and Papoutsa and Pe-Piper (2013) and is at least con-
sistent with allanite being unstable under conditions of
high X(CO2).
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