
INTRODUCTION

Recent studies of the hydrothermal alteration of the

chevkinite group of minerals (CGM) have revealed a

diversity of alteration products, dependent, inter alia,

on the composition of the host rock, the composition

of the hydrothermal fluids and the pressure and tem-

perature at which the alteration proceeded (Jiang 2006;

Vlach and Gualda 2007; Bagiński et al. 2015; Mac-

donald et al. 2015 a, b, 2016). The diversity has con-

sequences for the mobilization or retention of rare-met-

als and the significance for the formation of rare-metal

deposits. This report examines the nature of the lower

temperature fluids which altered the REE-actinide-

HFSE minerals in a quartz-epidote metasomatite of the

Khaldzan Buragtag peralkaline massif in Mongolia.

For this, as in an earlier study of the metasomatite

(Macdonald et al. 2016), particular attention is paid to

minerals of the chevkinite group (CGM). The CGM,

with general formula (REE,Ca)

4

Fe

2+

(Fe

2+

, Fe

3+

,Ti,Al)

2

Ti

2

(Si

2

O

7

)O
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, are increasingly being recognised as

important carriers of the REE (with up to 50 wt%

REE

2

O

3

), HFSE and, in some cases, the actinides.

They have the potential, therefore, to carry important
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records of the mobility of these elements during the

fluid-influenced post-magmatic stages of the de-

posit.Combining the results of this study and those of

Macdonald et al. (2016), we comment on the changes

in fluid composition as the fluids migrated away from

the host massif.

GEOLOGICAL SETTING

The Haldzan Buragtag Nb-Zr-REE deposit is lo-

cated in the Mongolian Altai, some 45 km northeast of

the city of Kobdo (Text-fig. 1). It is related to two bod-

ies of peralkaline granite which are part of the multi-

phase Haldzan Buragtag peralkaline massif which is

exposed in two oval-shaped outcrops (northern and

southern) about 1 km apart (Kovalenko et al. 1995;

Andreev and Ripp 1996). The massif, which is 30 km

long and up to 8 km wide, was intruded at ~385 Ma

into Cambrian volcanic and sedimentary rocks and

granites, and a series of dolerites and gabbros. It is

partly covered by Devonian volcanic rocks. 

In the Tsakhirin Khuduk occurrence at the northern

end of the Haldzan Buragtag massif, quartz-epidote

metasomatites form two types of body: linear zones

0.5–20 m thick and up to 400 m long, and elliptical

stockworks up to 150 × 200 m in size. Two linear

zones (Western and Eastern) are more enriched in

rare-metals than the stockwork bodies. The zones oc-

cur at the exocontact of the massif, here represented by

quartz syenites of an early intrusive phase, with Cam-

brian volcanic rocks, granites and doleritic rocks. Field

and petrographic evidence indicates that the linear

zones are large, metasomatically altered, pegmatite

bodies (or series of subparallel pegmatitic veins) de-

rived from peralkaline granites not exposed at the cur-

rent erosion level. The metasomatites inherited the

structural features, mineralogy and rare-metal content

of the pegmatites which they replaced. For example,

different zones in the pegmatite can still be recog-

nised, such as the outer part of the block zone through

the inner part of the block zone to the quartz core. The

host dolerites were, at the same time, replaced by acti-

nolite-feldspar-epidote, actinolite-epidote, and epidote

metasomatites.

With increasing distance from the main granite of

the massif, the grade of the ore zone becomes lower

and there is also an increase in the degree of metaso-

matic alteration. This study focusses on a sample from

the Western ore zone between trenches #4 and #3. It is

complementary to the study by Macdonald et al.
(2016) of material nearer to the intrusive massif and

thus richer in ores.

ANALYTICAL METHODS

Mineral compositions were determined by electron

microprobe at the Inter-Institute Analytical Complex

at the Institute of Geochemistry, Mineralogy and

Petrology, University of Warsaw, using a Cameca

SX-100 microprobe equipped with four wavelength

dispersive spectrometers. The accelerating voltage

was 15 kV and the probe current was 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, for chevki-

nite as an example, are given in the Appendix. Ana-

lytical conditions for other minerals may be found in

Bagiński et al. (2016). The ‘PAP’ φ(ρZ) program

(Pouchou and Pichoir 1991) was used for corrections.

Back scattered electron (BSE) images were made on

the same equipment as the mineral analyses. Repre-

sentative analyses are presented in Tables 1 to 6; the

full data set is given in Supplementary Tables 1 and 2.

Lacking structural information, it is unknown whether

the ThSiO4 phase in the metasomatite is thorite or hut-

tonite. For simplicity, it is here termed thorite.

Mongolia
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Text-fig. 1. Locality map of the Khaldzan Buragtag massif



PETROGRAPHY

The mineralogy of the primary pegmatites can be

deduced from other, less altered, pegmatites in the

area, notably Tatyana (Kartashov et al. 1993),

Neprimetnyi (Kartashov et al. 2002) and Geo-

physicheskii (Sokolova et al. 2004). They contained

quartz, alkali feldspar, riebeckite-arfvedsonite and ae-

girine, with eudialyte, zircon, fergusonite-(Y), chevki-

nite-(Ce), hingganite-(Y) and epidote group minerals.

The fergusonite, chevkinite and zircon form dissemi-

nated grains never exceeding 1 mm in size. The meta-

somatite consists mainly of quartz and epidote, with

subordinate amounts of chevkinite, fergusonite, zircon

and (ferri)allanite. The epidote formed by the break-

down of feldspar, arfvedsonite and aegirine in the peg-

matite. The chevkinite, fergusonite and zircon crystals

formed by recrystallization and enlargement of the

same minerals in the primary pegmatite. The chevki-

nite in the metasomatite forms thin prismatic crystals

2–3 × 0.3 cm in size (Text-fig. 2). Fluorite has not been

recorded.

In detail, the sequence of crystallization events and

the mineral products vary within the metasomatite at the

selected site. The features described here represent the

main events; the positions of the following images are

shown on Text-fig. 3. The BSE image in Text-fig. 4

shows the chevkinite in contact with ferriallanite-(Ce).

Mostly the contact is sharp but in the upper part of the

image, the ferriallanite-(Ce) can be seen to have re-

placed the chevkinite-(Ce). To the bottom (in Text-fig.

4A), the ferriallanite-(Ce) is replaced by epidote, in turn
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A

B

1 mm

0.5 mm

Chev

Chev

Text-fig. 2. (A) Photograph of chevkinite-(Ce) (red arrows) in matrix of quartz,

epidote group minerals and hydroxylbastnäsite-(Ce). The white spots 

on chevkinite-(Ce) are reflections. (B) Detailed view of A

Fig. 4

Fig. 5B

Fig. 5C
Fig. 5D

Chev

Aln

Aln

Chev

Chev

0.5 mm

Text-fig. 3. Fragments of metasomatite showing the locations of Fig. 4 and

Figs 5B, C, D. The location of Fig. 5A is shown on Fig. 4

Chev
Aes

Cal

Fer

Aln

Aln

Ttn/Rt

Ep

Fig. 5A

0.2 mm

Text-fig. 4. Chevkinite-(Ce) (Chev) replaced along a sharp contact by ferrial-

lanite-(Ce) (Aln); which is in turn replaced by epidote (Ep; dark grey) and by

patches of an epidote of different composition (very dark grey). The ferrial-

lanite-(Ce) is cut, in the centre of the image, by a vein of intergrown titanite

(Ttn) and TiO

2

(Rt), which also forms veinlets and patches in the allanite. The

vein includes some disseminated clusters of fergusonite (Fer). The large eu-

hedral fergusonite-(Y) is considered to have been coeval with the growth of 

the chevkinite-(Ce). The position of Fig. 5A is shown
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patchily replaced by an epidote of different composition,

which is rather darker on the BSE image. The main area

of ferriallanite-(Ce) is cut by a veinlet of titanite (dark),

a TiO

2

phase (dark grey), with dispersed grains of Nb,Y

oxides (bright) and locally cerite-(Ce) (not seen on this

image). The veinlet penetrates the ferriallanite-(Ce) in the

centre of the image and directly replaces chevkinite-

(Ce) at centre-right (Text-fig. 4). The large euhedral

crystal of fergusonite-(Y) is cut by veinlets of both ti-

tanite and allanite and, like the small euhedral zircon in

Text-fig. 5A, is probably a primary phase coeval with

chevkinite crystallization. The elongated dark area in the

chevkinite-(Ce) is calcite; it is taken to be a late-stage

phase because calcite veins cut all zones in other parts of

the metasomatite.

In Text-fig. 5B, chevkinite-(Ce) containing a small

anhedral grain of thorite is in sharp contact with ferri-

allanite-(Ce) which is being replaced in patches and

along strips by epidote. The medium-grey material is

cerite-(Ce) and it appears to have intergrown with the

epidote group minerals during alteration. The darker

grey anhedral phase, partially replacing the cerite and al-

lanite, is Nd-dominant hingganite. There is some vari-

ation in intensity from brighter to darker, the darker ap-

parently replacing the lighter. Thorite forms the string of

bright phases in the cerite. Text-fig. 5C shows a hair-like

intergrowth of two varieties of epidote and residual

patches of ferriallanite-(Ce). The L-shaped grain is hy-

droxylbastnäsite-(Ce), with an inclusion of cerite. Cerite

also occurs as thin veinlets.

The replacement of ferriallanite-(Ce) by titanite and

TiO

2

was in places complemented by the addition of il-

menite (Text-fig. 5D). The larger anhedral grain at left

is fergusonite-(Y) and the rounded grain at right-central

Text-fig. 5.  A Magnification of part of Fig. 4. The light grey phase is chevkinite-(Ce), being partially replaced by patchily textured ferriallanite-(Ce) and then partly

replaced by titanite and TiO

2

. The anhedral bright grains in the chevkinite-(Ce) are cerite-(Ce) (Cer). The euhedral zircon (Zrn) crystal is taken to have been coeval

with chevkinite crystallization. (B) Unaltered chevkinite-(Ce) in sharp contact with patchily zoned ferriallanite (darker and lighter). The comb-like phase is cerite-

(Ce), containing a small string of thorite (Thr). An aggregate of hingganite grains (Hin) occurs along the chevkinite-ferriallanite boundary. (C) Chevkinite in irreg-

ular contact with a hair-like intergrowth of allanite-(Ce) (lighter) and epidote (darker), themselves replacing an earlier ferriallanite-(Ce). The L-shaped grain on the

left is hydroxylbastnäsite-(Ce) (Bst). (D) Detail of the alteration of ferriallanite-(Ce) to titanite and rutile, in this case with ilmenite (Ilm). The bright grains in the 

titanite-rutile zone are mainly aeschynite-(Ce) (Aes)



is aeschynite-(Ce). The other bright grains are mainly

aeschynite. The thin veins are cerite and REE-carbon-

ate. Text-fig. 6 demonstrates two forms of fergusonite,

both occurring at the boundary between the allanite

and titanite-TiO

2

zones and both taken to be of early

crystallization. The corroded, patchily zoned prism in

Text-fig. 6A is fergusonite-(Nd) (brighter) zoned to fer-

gusonite-(Ce) (darker); the stubby prism in Text-fig.

6B shows fergusonite-(Nd) (brighter) being replaced by

darker grey aeschynite-(Y).

Sequence of events

The textural evidence is interpreted to show the

following sequence of events. It should be stressed

that the sequence is seen as essentially continuous, as

the mineral assemblages changed in response to

changing fluid composition and temperature de-

crease.

Formation of chevkinite-(Ce), fergusonite-(Y) 

and zircon (Text-figs 4, 5)

↓

Formation of ferriallanite-(Ce), partially replacing

chevkinite (Text-fig. 4)

↓

Partial replacement of ferriallanite-(Ce) by epidote

(Text-figs 4, 5)

↓

Formation of titanite and TiO

2

± ilmenite, with

aeschynite, cerite, hydroxylbastnäsite and hingganite 

(Text-fig. 5)

↓

Formation of calcite veins and patches (Text-fig. 4)

MINERAL COMPOSITIONS

Chevkinite-(Ce)

Chevkinite is a REE,Ti silicate, with the general

formula A

4

BC

2

D

2

(Si

2

O

7

)

2

O

8

, where A is REE, Ca; B is

Fe

2+

; C is Fe

2+

, Fe

3+

, Ti, Al; and D is Ti. Forty-five point

analyses of chevkinite-(Ce) in the studied metasomatite

may be found in Macdonald et al. (2012); they are sup-

plemented by four new determinations in Table 1, where

the averages of three types distinguished by degree of

brightness on BSE images are also presented. Analyti-

cal totals are in the range 97.2–99.5 wt% and the cation

sums are very close to stoichiometric (13.0–13.1 apfu).

The phase has notably low Ca (0.05-0.23 apfu); high Nd

(0.447–0.90 apfu), high Nb (0.083–0.440 apfu), low Th

(0.007–0.062 apfu) and low Al (near or below the limit

of detection). The average composition is 

(LREE

3.77

HREE

0.11

Ca

0.08

)

3.96

Fe

2+

(Fe

2+

1.10

Ti

0.39

Nb

0.33

Mn

0.15

)

1.97

Ti

2

(Si

2.00

O

7

)O

8

.

In detail, there are slight compositional differences

related to variations in brightness on BSE images. Com-

pared to brighter areas, darker areas have higher Ti, Th,

La, Y, Ca and Sr contents, and lower Nb, Nd, Sm, Gd

and Fe contents. Si and Ce abundances are similar in

both types. The enrichment of Ti, and of HREE relative

to LREE, and decreased Fe contents, in chevkinite have

been related by Jiang (2006), Vlach and Gualda (2007)

and Bagiński et al. (2015) to hydrothermal alteration.

During that process, however, Nb tends to increase and

the La/Ce ratio decreases, features not seen in the study

samples. Furthermore, the analytical totals and cation

sums provide no evidence for hydrothermal alteration;

the compositional variations almost certainly reflect

primary zonation, related perhaps to the low mobility of

the high-valency components and/or a lack of post-

crystallization equilibration.
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10 um

10 um

Fer

Fer

Aes

A

B

Text-fig. 6. (A) Heavily resorbed, patchy fergusonite-(Nd) at the contact be-

tween allanite and titanite-TiO

2

zones. (B) Bright fergusonite-(Nd) being re-

placed by dark grey aeschynite-(Y), also at the contact between ferriallanite 

and titanite-TiO

2

zones



The four chondrite-normalised REE patterns shown

in Text-fig. 7A all show strong LREE enrichment

([La/Y] ≥79), the crossing of patterns reflects the com-

positional zoning described above. 

Epidote group minerals

Fourteen analyses of epidote group minerals are

given in Supplementary Table 1A, with representative

analyses in Table 2. Nomenclature and the calculation

of structural formulae and oxidation ratios follow the

recommendations of Armbruster et al. (2006). The

phase in the main alteration zone is ferriallanite-(Ce).

It contains 0.76–0.92 (apfu) REE+Y and a significant

Ti component (0.24–0.27 apfu). The mineral in the

dark grey, patchy replacement zone (Text-fig. 4) is

compositionally intermediate between ferriallanite and

epidote, with 0.21–0.23 REE (apfu) and a reduced Ti

content 0.05–0.09 (apfu). The late, very dark grey

phase is epidote with a significant clinozoisite (up to

25%) component. The main compositional variations

are summarised on Text-fig. 8. With decreasing ΣREE,

the La/Y ratio also drops. Chondrite-normalised REE

patterns (Text-fig. 7B) are all strongly LREE-enriched

and show small Ce anomalies (Ce/Ce* 0.96–1.11). The

oxidation ratios (Fe

3+

/Fe

2+

+ Fe

3+

) show a strong positive

correlation with Ca+Al content, rising from 0.22–0.37

in the ferriallanite-(Ce) to 0.81-0.98 in the clinozoisite-

rich epidotes.

TiO

2

, ilmenite and titanite

Compositions of TiO

2

intergrown with titanite ± il-

menite (Text-figs 4, 5) are given in Table 3 and Sup-

plementary Table 1B. The TiO

2

is close to end-member

composition, with only minor Fe

2+

(≤0.073 apfu) and Nb

(≤0.045 apfu) contents. The ilmenite in the intergrowths

is also close to its end-member, FeTiO

3

, but with sig-

nificant Mn (≤0.102 apfu; ≤4.65 wt% MnO). The ti-

tanite has average composition Ca

1.05

Ti

0.92

Si

1.00

, with

minor contents of REE (0.03 apfu; 2.9 wt% REE

2

O

3

)

and Nb, Fe

3+

and Al (≤0.05 apfu). Fluorine levels are up

to 0.62 wt. %.

Fergusonite and aeschynite

It is commonly difficult in the metasomatite to dis-

tinguish Nb-oxides crystallized at the same time as the

chevkinite-(Ce) and those which were formed during

later alteration events. Here, the larger crystals such as

those in Text-figs 4 and 6 are taken to be early, whilst

smaller anhedral grains are considered to have formed

later. Representative compositions are presented in Table

4; the full data set is in Supplementary Table 2. The large

euhedral crystal shown in Text-fig. 4 is fergusonite-

(Y). A profile along the length of the crystal shows sig-

nificant changes in Ca and Th abundances, with the lat-

ter reaching 0.1 apfu, and in the LREE; a possible

substitution mechanism is Ca

2+

+ Th

4+

= 2REE

3+

. Other
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Text-fig. 7. Chondrite-normalized REE patterns for (A) chevkinite-(Ce) and (B)

epidote group minerals. Normalizing factors were used from Sun and McDo-

nough (1989). Data sources: patterns 1-3, averages of brighter, intermediate and

darker regions in chevkinite-(Ce), from data in Macdonald et al. (2012); 4, 5, 

Table 1; patterns 6-10, Supplementary Table 1A, analyses 1, 2, 5, 9 and 10
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0 0.5 1.0
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Epidote Clinozoisite
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Ferriallanite Allanite
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Text-fig. 8. Epidote group minerals plotted in the (REE+Y+Th+Mn+Sr) v. Al

diagram of Petrik et al. (1995), contoured with isolines of the ratio Fe

3+ 

/(Fe

3+

+ Fe

2+

). The general increase in oxidation ratio from ferriallanite-(Ce) to epidote

calculated from charge balance in generally keeping with the ratios indicated by 

the isolines. Data from Supplementary Table 1a



primary phases are fergusonite-(Nd), in one case zoned

to fergusonite-(Ce) (Fig. 6A), and in another to

aeschynite-(Y) (Text-fig. 6B). Late-stage phases are

predominantly aeschynite-(Ce). 

The chondrite-normalised REE patterns for fergu-

sonite-(Nd) increase from La to Nd, have significant

negative Eu anomalies (Eu/Eu* 0.40-0.68) and then

decline  through the HREE (Text-fig. 9; patterns 5 and

9). There is some variability, e.g. [La/Yb]

CN

ranges

from 3.7–7.4 and the small positive Ce anomalies

(Ce/Ce*) range from 1.07-1.17. The patterns for fer-

gusonite-(Y) are HREE-enriched ([La/Yb]

CN

0.07–

0.27) and with variable Eu anomalies (Eu/Eu* 0.71–

2.0) and Ce anomalies (Ce/Ce* 0.63-1.50). The pattern

for aeschynite-(Y) is similar to that for fergusonite-(Y)

but at higher levels of LREE. Aeschynite-(Ce) shows

strong decreases from La to Sm; heavier REE are be-

low levels of detection. One point analysis of fergu-

sonite-(Nd) is unusually Th-rich (8.44 wt% ThO

2

); an

analysis of fergusonite-(Y) is W-rich (3.69 wt%)

WO

3

).

The zoned mineral shown in Text-fig. 6B provides

information on the compositional changes during al-

teration of fergusonite-(Nd). The material which is

darker on the BSE image (aeschynite-(Y)) and which

appears to be replacing the lighter material, has higher

Nb, Ca, Ti, Yb, Ta, Y and lower Nd, Sm, Pr, Th, La,

Ce, W, Si. The chondrite-normalised REE patterns

cross at Tb (Text-fig. 9) and Y becomes the dominant

REE. 

Cerite-(Ce)

In Table 5 and Supplementary Table 1C are pre-

sented analyses of cerite-(Ce) intergrown with allanite

in the main allanite zone (Text-fig. 5B), and anhedral

grains close to boundaries between chevkinite and al-

lanite (Text-fig. 5A). Oxide totals are in the range 94.85–

97.91 wt% (average 95.83 wt%), the deficit being due

mainly to the non-determination of water. Structural

formulae have been calculated on the basis of 17 cations.

Compositional variation is small; the sum of

(REE+Y+Ca), for example, ranges from 9.01–9.07

apfu. Magnesium and Fe

3+

abundances range from 0.32–

0.45 apfu and 0.34-0.62 apfu, respectively. The phase is

F-bearing (≤0.77 apfu; ≤0.81 wt%).

Chondrite-normalised REE patterns (Text-fig. 11)

show strong, but variable LREE enrichment ([La/Y]

CN

47-199) and some variation within the LREE)

[La/Nd]

CN

0.7–1.4). Positive Ce anomalies are higher

(Ce/Ce* 1.15–1.32) than those in chevkinite-(Ce) and

the epidote group minerals.
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Text-fig. 9. Chondrite-normalized REE patterns for fergusonite and aeschynite.

Patterns 4, 5, fergusonite-(Nd); 1, 2, fergusonite-(Y); 6, fergusonite-(Ce); 3,

aeschynite-(Y); 7, aeschynite-(Ce). Fergusonite-(Nd) and fergusonite-(Y) pre-

dictably show different LREE/HREE relationships; both show variable Ce and

Eu anomalies. REE heavier than Sm are below detection in aeschynite-(Ce).

Data source: Table 4. Normalizing factors were used from Sun and McDonough 

(1989). Y proxies for Ho
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Text-fig. 11. Chondrite-normalised plots for cerite-(Ce), hydroxylbastnäsite-

(Ce) and Nd-dominant hingganite. Data sources: Supplementary Table 1C:

cerite-(Ce), patterns 2, 4 (analyses 2, 3); hydroxylbastnäsite-(Ce), patterns 3, 5

(analyses 11, 12); Nd-dominant hingganite, pattern 1 (analysis 8). Normalizing 

factors from Sun  and McDonough (1989). Y proxies for Ho

Text-fig. 10. (Mg

2+

+REE

3+

) – (Fe

3+

+Ca

2+

) plot for cerite-(Ce). The solid line

is for cerite–(Ce) from the Norberg district, Bergslagen mining region, Swe-

den (Holtstam and Andersson 2007). Cerite-(Ce) from this study and in a

quartz-epidote metasomatite from further south along the Western zone, 

Tsakhirin Khuduk occurrence (Macdonald et al. 2016), plot close to that trend



Hingganite

The general formula for hingganite is

(REE,Y)

2

Be

2

Si

2

O

8

(OH)

2

. Compositions of hingganite in

the metasomatite are given in Table 5 and Supplemen-

tary Table 1C. Lacking data for H

2

O, formulae were cal-

culated on the basis of Si = 2 apfu. Beryllium has been

assumed to be 2 apfu. The majority of analyses are of

Nd-dominant hingganite but two are hingganite-(Ce).

The phase is Fe-poor (0.23–0.28 apfu) and the 

x

□/(

x

□ +

Fe

2+

) ratios correspondingly high (0.72–0.77). The Ca

content is relatively high (0.42–0.84 apfu), indicating a

significant datolite component, and is significantly higher

than that in hingganite in the ore-rich metasomatite from

the Western zone (0.10-0.26 apfu; Macdonald et al.
2016) (Text-fig. 12). Fluorine levels are low (≤ 0.26

wt.%). The sum of (Ca+REE+Y) is, with one exception,

in the range 1.67–1.79 apfu, indicating partial vacancies

in the W site. The exception has a value of 2.29 apfu and

also has low SiO

2

, FeO* and CaO contents, a very low

analytical total (80.6 wt.%) and high REE contents; it is

possibly an altered variety of the hingganite or a mixture

of hingganite and unspecified alteration products. The

chondrite-normalised REE patterns indicate a sharp in-

crease from La to Sm and then a decrease to the HREE

(Text-fig. 11). There are significant positive Ce anom-

alies (Ce/Ce* 1.2–1.8) and negative Eu anomalies

(Eu/Eu* 0.13–0.36).

In detail, there is a compositional range between a

higher and a lower Ca types, the higher Ca variety con-

taining lower LREE but more Y and HREE. The higher

Ca type appears darker on BSE images, and seems to re-

place the lighter (Text-fig. 5B). The spread of data on a

triangular plot of Y-Ce-Nd (Text-fig. 13) shows a trend

similar to, but slightly displaced from, the alteration

trend shown by hingganite from the metasomatite of the

Western zone studied by Macdonald et al. (2016).

REE carbonates

REE-carbonates occur as anhedral grains growing

along zone boundaries in allanite (Text-fig. 5A) and as

patches and veinlets. The four available analyses are of

hydroxylbastnäsite-(Ce), with average composition

( L R E E

0 . 6 5

C a

0 . 2 3

H R E E

0 . 0 4

S r

0 . 0 . 0 2

)

0 . 9 4

( C O

3

)

(OH

0.92

F

0.08

) (Table 5; Supplementary Table 1C). There

is a small variation in the proportions of the LREE, e.g.

La/Ce (atomic) 0.30–0.55 and a significant Ca content

(0.21–0.24 apfu). Cerium anomalies range from positive

to negative (Ce/Ce* 0.68–1.30) (Text-fig. 10). Fluorine

levels are low (<0.1 apfu).

Thorite

The compositions of thorite occurring as a small

anhedral grain in chevkinite-(Ce) and as a stringer in

comb cerite (Text-fig. 5B) are presented in Table 6.

The analytical totals range from 82.73–95.92 wt.%

and decreasing totals are accompanied by higher Ca,
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Text-fig. 12. Classification plot for hingganite (solid circles). The data form

two groups, with lower and higher values of 
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(REE+Y)/

w
(REE+Y+Ca). Also

shown is hingganite from a metasomatite located further south in the Western 

zone (Macdonald et al. 2016) 
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Text-fig. 13. Y-Ce-Nd plot to show that the hingganites (closed circles) lie on

a trend parallel to, but slightly displaced from, the trend for the hingganites

from the more southerly metasomatite in the Western zone (diamonds, trian-

gles and square; Macdonald et al. (2016). Both data sets start just within the

hingganite-(Ce) field and with progressive alteration show Nd enrichment. 

The study suite did not progress into the hingganite-(Y) field



La, P, Pr, Nd, Fe, Al, Mg, and lower Si, Th, U, Pb, Ce,

Gd, Dy and Y, contents. The low totals are interpreted

as either the result of metamictization, especially in

the grain enclosed in unaltered chevkinite which may

have been protected from strong alteration, and/or al-

teration by hydrothermal fluids with the addition of

water species. 

The composition taken to be closest to the unaltered

phase (Table 6) has modest U (3.89 wt.% UO

2

) and REE

(5.22 wt.% REE

2

O

3

) and low Pb (1.36 wt.% PbO),

contents. With progressive alteration, there is a notable

increase in P abundance, up to 7.79 P

2

O

5

wt.%. Whilst

secondary fluorescence of the electron beam by the

host cerite-(Ce) may be suspected, it may be noted that

the cerite-(Ce) contains only ≤0.6 wt.% P

2

O

5

(Table 5).

The Th/U increases from 17–119. Chondrite-normalised

REE patterns are slightly variable; two point analyses

within the same grain show different patterns (Text-fig.

14, patterns 4, 5). A notable feature of the alteration (pat-

terns columns 1–3) is the strong depletion in Ce relative

to other LREE, resulting in a significant negative Ce

anomaly (Ce/Ce* <0.2) (Fig. 14). There are order of

magnitude increases in [La/Gd]

CN

and [La/Y]

CN

ratios,

indicating the preferential removal of HREE during al-

teration.

DISCUSSION

Sequence of mineral assemblages

Formation of the peralkaline granite pegmatite in-

volved the crystallization of chevkinite-(Ce), ferrial-

lanite-(Ce) and fergusonite-(Nd). During the initial

metasomatism of the pegmatite, chevkinite-(Ce) re-

crystallization was followed by that of ferriallanite-

(Ce), a possible reaction being:

(LREE

3.9

Ca

0.1

)(Fe

2.1

Ti

2.5

Nb

0.3

)Si

4

O

22

+ 1.1Ca

2+ 

+

1.1Al

3+

+ H

+

→ 

(Ca

1.2

LREE

0.8

)(Fe

2+

1.8

Al

1.1

Ti

0.3

)

3.2

Si

3

O

18

(OH) + 3.1

LREE

3+

+ 0.3 Fe

2+ 

+ 2.2Ti

4+

+ Si

4+

+ 0.3Nb

5+

+ 3O

2-

(2) The ferriallanite was in turn replaced by epidote: 

(Ca

1.2

LREE

0.8

)(Fe

2+

1.8

Al

1.1

Ti

0.3

)

3.2

Si

3.1

O

18

(OH) + 0.5Ca

+ 0.8Al  →

(Ca

1.7

LREE

0.3

)(Al

1.9

Fe

2 +

1.2

Ti

0.1

)Si

3.1

O

18

(OH)

+0.5LREE + 0.6 Fe

2+

+ 0.2Ti

4+

In the following, lower-temperature alteration, chevki-

nite-(Ce) was altered to titanite + TiO

2

(Macdonald et al.
2016):

REE

4

Fe

2

Ti

3

Si

4

O

22

+ 2CaO  → 2CaTiSiO

5

+ TiO

2

+

2REE

2

O

3

+ 2FeO + 2SiO

2

Locally, TiO

2

reacted with released Fe to form il-

menite. The REE, Fe and Ca released during stages 1 to

3, augmented by a further input of Ca, plus some Mg,

Be and water, generated cerite-(Ce), hydroxylbastnäsite-

(Ce) and Nd-dominant hingganite. A possible exchange

mechanism for cerite, proposed by Holtstam and An-

dersson (2007) for cerite–(Ce) from the Norberg district,

Bergslagen mining region, Sweden, is (Fe

3+

+ Ca

2+

) =

(Mg

2+

+ REE

3+

) (Text-fig. 10). This mechanism applies

also to cerite-(Ce) from a more ore-rich metasomatite of

the Western ore zone (Macdonald et al. 2016) and to the

cerite-(Ce) from the current study.

During alteration of chevkinite-(Ce), Nb was re-

leased into the fluids and remained there until it entered

aeschynite and, to a lesser extent, TiO

2

and titanite.

Thorium entered into ferriallanite-(Ce), less so into epi-

dote, and eventually partitioned into aeschynite, hy-

droxylbastnäsite-(Ce) and thorite. The sequence chevki-

nite – ferriallanite – epidote involved a decrease in

REE+Y concentrations, the elements again entering the

accessory minerals in the titanite-TiO

2

zones. Generally,

there were decreases in LREE relative to HREE and Y

as alteration of the metasomatite proceeded.

As noted by Macdonald et al. (2016), the Haldzan-

Buragtag deposit has certain features in common with

other peralkaline granitic intrusions which host signif-

icant abundances of rare-metal minerals, such as Amis,

Namibia (Schmitt et al. 2002), Tamazeght, Morocco

(Salvi et al. 2000), Strange Lake, Canada (Salvi and

Williams-Jones 2006; Gysi et al. 2013), and Khan Bogd,

Mongolia (Kynický et al. 2011). These features include

evidence for the presence of late-stage Ca and HREE

metasomatism. 

Nature of hydrothermal fluids

Macdonald et al. (2016) interpreted studies by An-

dreev et al. (1994) of aqueous CO

2

-bearing,

Liquid+Vapour inclusions in quartz and epidote in the
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Text-fig. 14. Chondrite-normalized REE patterns for thorite. The slight dif-

ferences in the patterns possibly reflect the variability of fluid composi-

tions during alteration of the thorite. Data source for patterns 1 to 5: Table

6, analyses 3, 5, 4, 2 and 1. Normalizing factors were used from Sun and 

McDonough (1989). Y proxies for Ho



metasomatites to suggest that an ore-rich metasomatite

closer to the granite body formed at 318–446°C, that be-

ing the temperature range of chevkinite recrystallization

and growth. Later alteration, i.e. the stage of chevkinite

alteration, took place at ~160°C. These may be taken as

maximum temperatures for the metasomatite studied

here.

There are three lines of evidence concerning the f O
2

during the metasomatism. (i) The calculated oxidation

ratios indicate that the fluids became increasingly oxi-

dised during replacement of ferriallanite-(Ce) by epi-

dote. (ii) The calculated ilmenite-TiO

2

reaction is be-

tween the Ni-NiO and MH buffers (Zhao et al. 1999),

suggesting that, during formation of the TiO

2

-titanite

zones the f O
2

was relatively high but less than the MH

buffer. The local presence of ilmenite may point to

lower f O

2

condition there, consistent with the rela-

tively high Mn content (≤4.65 wt.% MnO) (Cassidy et
al. 1988). (iii) The increasingly large positive Ce anom-

alies found in the phases during successive alteration

stages may be taken to be a result of oxidising conditions

affecting the valency of Ce (Gieré and Sorensen 2004;

Pettke et al. 2005; Mayer et al. 2014; Berger et al.
2008; Uher et al. 2009). However, the anomalies may

equally be related to preferential partitioning of Ce into

the fluids.

Composition of fluids

There was an important role for Ca in the fluids. The

replacement of ferriallanite by epidote points to in-

creased Ca activity (cf. Poitrasson 2002; Jiang 2006;

Vlach and Gualda 2007; Vlach 2012). As the tempera-

ture decreased, the Ca activity in the fluid increased, ini-

tiating epidote crystallization. The presence of CO

2

in

fluid inclusions in quartz and epidote in the metaso-

matites (Andreev et al. 1994) indicates that the fluids

were CO

2

-bearing. As a measure of the amount, Rolland

et al. (2003) suggested that hydrothermal fluids with high

XCO

2

(0.2–0.8) are associated with bastnäsite with high

La/Nd ratios (~4-5), whereas bastnäsite formed from flu-

ids with very low CO

2

contents has low La/Nd (0.6–2).

On that basis, the La/Nd ratios of the hydroxylbastnäsite

in the studied metasomatite (0.53–0.63) would indicate

a small CO

2

component in the fluids, consistent with the

relatively low modal amount of REE-carbonate. These

observations are consistent with the experimental re-

sults of Wang et al. (2001) who showed that titanite is

stable under relatively low f CO

2

conditions, being re-

placed at higher fCO

2

by rutile and carbonate. The latest

stage carbonate was calcite (Text-fig. 4), indicating that

the REE had by then been depleted in the fluids.

Several points indicate that activity of F was low. (a)

The relatively low F content of both the hydroxylbast-

näsite-(Ce) and cerite-(Ce). (b) F in the hingganite is be-

low detection and fluorite is absent. (c) Retention of Nb

in the system, as aeschynite and to a minor extent in

TiO

2

and titanite, is consistent with a low F content in

the fluid; the solubility of Nb

2

O

5

(solid) in aqueous

fluids increases with increasing HF concentration, as

shown experimentally by Timofeev et al. (2015). 

Changes in fluid composition 

Field and petrographic studies have shown that in

the Western zone the degree of metasomatism increased,

and the content of rare-metal minerals decreased, to

the north, that is away from the intrusive mass into the

host rocks. One indicator of the change is the size of the

recrystallized chevkinite crystals, from up to 8 × 2-3 cm

(sample chev7; Macdonald et al. (2016)) to 2 × 0.3 cm

(this study). Apart from the hingganite in K6 having

higher Ca contents than in chev7, there are no major dif-

ferences in composition of the mineral phases. It appears

that the metasomatising fluids in both parts of the West-

ern zone were broadly similar.

The source of the hydrothermal fluids is unknown.

However, formation of the pre-metasomatism peg-

matites was followed by at least five more episodes of

tectono-magmatic events, including late intrusions of

basalt (Kovalenko et al. 1995). The basaltic magmas

may have been the source of low temperature fluids with

the simple composition H

2

O-Ca-CO

3

.
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APPENDIX I Analytical conditions for chevkinite-(Ce) 

     

Element Line Crystal Standard Approx. detection 
     limit (wt.%) 

Al K  TAP orthoclase 0.01  

Ba L  LiF barite 0.12  

Ca L  PET CaSiO3  0.01  

Ce K  PET CeP5O14  0.06  
Cl L  PET T ugtupite 0.02  

Dy Lß LiF R EE1 0.33  

Eu Lß LiF R EE2 0.30  

Fe K  LiF hematite 0.04  

Gd Lß LiF GdP5O14  0.19  
Hf M  TAP H f-SPI 0.03  

La L  PET La B6  0.05  

Mg K  TAP diopside 0.01  

Mn K  LiF rhodonite 0.04  

Na K  TAP albite 0.01  
Nb L  PET Nb metal 0.05  

Nd Lß LiF NdP5O14  0.18  

P K  PET Apatite Jap2 0.02  

Pr Lß LiF PrP5O14  0.12  
Sc K  PET Sc metal 0.01  

Si K  TAP Wo llastonite 0.01  

Sm Lß LiF SmP5O14  0.19  

Sr L  TAP SrTi O3  0.03  

Ta M  TAP Ta metal 0.04  
Tb L  LiF REE4 0.14  

Th M  PET Th O2  synthetic 0.09  

Ti K  PET rutile 0.02  

U Mß PET vorlanite 0.08  

Y L  TAP Y3Al 5O12  0.04  
Yb L  liF REE3 0.14  

Zr L  PET Zircon ED2 0.05  

     

The codes REE1 to 4 refer to glasses containing REE (REEPO4)  
(Jarosewich and  Boatner 1991)
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Table 1. Compositions of chevkinite-(Ce) in quartz-epidote metasomatite

APPENDIX II TAB. 1-6

wt.%
Nb2O5 3.22 3.62 3.59 0.63 3.60 3.29 1.63
Ta2O5 0.12 0.17 0.23 0.17
P2O5 bd bd bd bd 0.06 bd 0.04
TiO2 14.29 13.93 14.09 17.41 14.03 14.36 16.72
ZrO2 0.26 0.59 0.60 bd 0.50 0.76 0.28
ThO2 0.19 0.25 0.37 bd 0.38 0.30 0.71
UO2 0.11 bd bd bd 0.15 bd 0.09
SiO2 18.26 18.21 18.26 18.46 18.13 18.19 18.40
Al2O3 bd bd bd 0.05 0.02 bd bd
La2O3 10.46 10.65 10.47 9.77 10.20 10.45 12.43
Ce2O3 23.6 23.08 23.14 24.19 23.06 23.41 23.16
Pr2O3 2.58 2.91 2.68 2.95 2.63 2.77 2.36
Nd2O3 9.89 9.63 9.59 11.69 9.67 9.76 7.52
Sm2O3 1.17 1.65 1.42 1.44 1.36 1.40 0.88
Gd2O3 0.76 0.66 0.77 0.48 0.75 0.64 0.48
Dy2O3 bd bd 0.27 bd 0.43 bd 0.39
Y2O3 0.43 0.49 0.50 0.10 0.48 0.31 0.68
FeO* 11.64 11.48 11.30 10.90 11.57 11.56 10.46
MnO 0.72 0.71 0.69 0.26 0.75 0.70 1.05
MgO 0.09 bd bd bd
CaO 0.35 0.24 0.26 0.86 0.27 0.29 0.61
SrO 0.06 0.07 0.16 bd 0.40 0.48 0.64
Na2O 0.06 0.09 0.08 bd 0.10 0.15 0.05
Total 98.17 98.43 98.47 99.45 97.89 98.32 98.09
Formulae on 22 oxygen basis
Ca 0.083 0.057 0.061 0.199 0.064 0.068 0.142
Sr 0.008 0.009 0.020 0.000 0.052 0.061 0.080
Na 0.026 0.038 0.034 0.000 0.035 0.032 0.018
La 0.851 0.866 0.851 0.779 0.832 0.849 0.995
Ce 1.906 1.864 1.868 1.914 1.866 1.888 1.841
Pr 0.207 0.234 0.215 0.232 0.212 0.223 0.186
Nd 0.779 0.758 0.755 0.902 0.764 0.768 0.583
Sm 0.089 0.125 0.108 0.107 0.104 0.106 0.066
Gd 0.056 0.048 0.056 0.034 0.053 0.047 0.034
Dy 0.000 0.000 0.029 0.000 0.002 0.000 0.009
Y 0.050 0.058 0.059 0.011 0.057 0.036 0.079
Th 0.010 0.013 0.019 0.000 0.019 0.015 0.035
U 0.005 0.000 0.000 0.000 0.000 0.000 0.001
Sum A 4.070 4.070 4.047 4.178 4.058 4.092 4.069

Fe2+ (=B) 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Fe2+ 1.148 1.117 1.084 0.970 1.139 1.128 0.900
Mn 0.135 0.133 0.129 0.048 0.140 0.130 0.192
Mg 0.000 0.000 0.000 0.002 0.000 0.000 0.000
Nb 0.321 0.361 0.358 0.062 0.360 0.327 0.160
Ta 0.007 0.010 0.014 0.010
Zr 0.028 0.065 0.065 0.000 0.054 0.041 0.020
Al 0.000 0.000 0.000 0.002 0.001 0.000 0.000
Ti 0.371 0.310 0.336 0.829 0.332 0.378 0.729
Sum C 2.010 1.996 1.985 1.923 2.025 2.004 2.001

Ti (=D) 2.000 2.000 2.000 2.000 2.000 2.000 2.000
P 0.000 0.000 0.000 0.000 0.001 0.000 0.001
Si 4.028 4.016 4.026 3.988 4.006 4.006 3.993
Sum T 4.028 4.016 4.026 3.988 4.007 4.006 3.994
 cations 13.1 13.1 13.1 13.1 13.1 13.1 13.1

Explanation: 1-4, new analyses, from crystal shown in Fig. 4; 4-6, averages based on BSE intensity -
5, bright, 6, intermediate, 7, dark. FeO*, all Fe as Fe2+. bd, below detection; Blank, not determined.
Data for 4-6 from Macdonald et al. (2012).

bd bdbd

3 5 6
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1 2 3 4 5 6 7 8
wt.%
P2O5 bd bd 0.11 bd

0.09 bd bdSiO2 29.69 30.00 29.60 29.83
32.45 35.97 37.65TiO2 3.54 3.13 3.10 3.36
1.85 0.71 0.05ThO2 0.28 0.17 bd bd
bd bd 0.11Al2O3 8.41 9.47 10.09 8.53

13.99 21.18 23.43Y2O3 0.17 0.31 bd 0.26
0.17 0.07 0.12La2O3 5.09 4.03 6.41 4.37
3.15 1.44 bdCe2O3 11.58 10.15 12.37 10.58
7.00 3.35 0.10Pr2O3 1.33 1.66 1.34 1.25
1.05 0.38 bdNd2O3 4.93 4.89 4.37 5.05
3.22 1.56 bdSm2O3 0.25 0.57 0.18 0.63
0.61 bd 0.20Gd2O3 0.32 0.37 bd 0.29
0.17 bd 0.19MgO 0.02 bd bd bd
bd bd bdCaO 10.26 10.77 9.44 10.7

14.95 19.74 23.51MnO 0.36 0.42 0.44 0.48
0.25 0.06 bdFeO* 19.68 19.39 18.18 20.03

17.60 12.41 12.18Total 95.91 95.33 95.63 95.36
96.55 96.87 97.54

Formulae on the basis of A+M+T = 8
Si 3.016 3.011 3.016 3.012

2.988 3.012 2.984Al 0.000 0.000 0.000 0.000
0.012 0.000 0.016Sum T 3.016 3.011 3.016 3.012
3.000 3.012 3.000

Al 1.007 1.120 1.210 1.015
1.504 2.090 2.173Ti 0.270 0.236 0.238 0.255
0.128 0.045 0.003Mn 0.031 0.036 0.038 0.041
0.019 0.004 0.000Fe 1.672 1.628 1.549 1.691
1.355 0.869 0.807Mg 0.003 0.000 0.000 0.000
0.000 0.000 0.000Sum M 2.983 3.020 3.035 3.003
3.007 3.008 2.983

Th 0.006 0.004 0.000 0.000
0.000 0.000 0.002Y 0.009 0.017 0.000 0.014
0.008 0.003 0.005La 0.191 0.149 0.241 0.163
0.107 0.044 0.000Ce 0.431 0.373 0.462 0.391
0.236 0.103 0.003Pr 0.049 0.061 0.050 0.046
0.035 0.012 0.000Nd 0.179 0.175 0.159 0.182
0.106 0.047 0.000Sm 0.009 0.020 0.006 0.022
0.019 0.000 0.005Gd 0.011 0.012 0.000 0.010
0.005 0.000 0.005Ca 1.117 1.158 1.031 1.158
1.475 1.771 1.997Sum A 2.001 1.969 1.948 1.985
1.992 1.980 2.017

REE + Y 0.878 0.807 0.918 0.828
0.517 0.209 0.018Ox ratio 0.31 0.34 0.22 0.36
0.52 0.66 0.98

FeO*, all Fe as Fe2+.  bd, below detection. Ox ratio, Fe3+/(Fe3++Fe2+).  All samples from epidote group area on Fig. 4.

0.04
37.58
0.07
bd

23.26
bd
bd

0.07
bd
bd
bd
bd
bd

23.12
0.06

12.62
96.82

2.993
0.007
3.000

2.176
0.004
0.004
0.841
0.000
3.024

0.000
0.000
0.000
0.002
0.000
0.000
0.000
0.000
1.973
1.975

0.002
0.94

Table 2. Representative compositions of epidote group minerals
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Table 3. Representative compositions of titanite, rutile and ilmenite

titanite rutile

wt.%
Nb2O5 2.61 2.23 0.34 0.75 7.03 2.56 5.80
SiO2 29.51 29.62 30.33 29.76 0.48 0.02 0.02
TiO2 35.77 33.17 37.62 34.78 87.66 92.59 91.78
Al2O3 0.45 0.97 0.83 0.76 0.06 bd 0.05
Fe2O3* 1.78 3.74 0.86 2.84
Y2O3 0.15 bd 0.10 0.20
Ce2O3 0.80 0.61 0.35 0.73
Nd2O3 1.31 0.46 0.47 1.06
Sm2O3 0.26 bd bd 0.41
Gd2O3 0.26 bd bd 0.22
MgO
CaO 26.92 27.85 28.51 27.53 bd bd 0.22
MnO bd bd bd bd bd bd bd
FeO* 2.20 1.96 2.26

d 0.43 0.58 0.51
Sum 99.82 99.08 99.99 99.55 97.43 97.13 100.13
O=F 0.00 0.18 0.24 0.21
Total 99.82 98.90 99.75 99.34 97.43 97.13 100.48**

Formulae on basis of 5 oxygens on basis of 2 oxygens
Nb 0.040 0.034 0.005 0.011 0.045 0.016 0.036
Si 0.991 0.996 0.997 0.999 0.007 0.000 0.000
Ti 0.903 0.839 0.930 0.878 0.924 0.968 0.940
Al 0.018 0.038 0.032 0.030 0.001 0.000 0.001
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe3+ 0.045 0.095 0.021 0.072
Ce 0.010 0.008 0.004 0.009
Nd 0.016 0.006 0.006 0.013
Sm 0.003 0.000 0.000 0.005
Gd 0.003 0.000 0.000 0.002
Fe2+ 0.026 0.023 0.026
Ca 0.968 1.003 1.004 0.990 0.000 0.000 0.003
Y 0.003 0.000 0.002 0.004
F 0.000 0.046 0.060 0.054

 cations 3.00 3.02 3.00 3.01 1.00 1.01 1.01

Fe2O3*, all Fe as Fe3+. FeO*, all Fe as Fe2+. bd, below detection. Blank, not determined. Analyses 1-4, all from vein on 
Fig. 4; 5 Fig. 4; 8-10, zone on Fi g. 5D. ** included WO3 0.16 wt.%.

ilmenite

0.28 0.41 0.70
0.06 0.03 bd

51.53 50.67 51.45
bd bd bd

0.03 0.03 0.03
0.47 0.62 0.16
2.85 4.65 3.57

43.16 41.13 41.48

98.38 97.54 97.39

98.38 97.54 97.39

on basis of 3 oxygens
0.003 0.005 0.008
0.002 0.001 0.000
0.994 0.987 1.000
0.000 0.000 0.000
0.001 0.001 0.001
0.062 0.102 0.078

0.926 0.891 0.896
0.013 0.017 0.004

2.00 2.00 1.99

5-6, zone on Fig. 5D; 7, vein, 

bd bd bd bd bd bd bd

bF

1             2              3             4               5              6             7             8              9            10
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Species F-(Y) F-(Y) NA-(Y) F-(Nd) F-(Ce) F-(Ce) F-(Y)
wt.%
WO3 0.71 3.69 0.19 0.37 0.61 bd bd
Nb2O5 47.73 45.01 46.32 43.26 44.25 44.40 41.11
Ta2O5 0.59 0.70 1.42 0.69 1.15 0.52 3.23
SiO2 0.08 0.53 0.06 0.28 0.08 0.05 0.22
TiO2 0.41 1.61 16.88 1.68 0.40 0.24 1.93
ThO2 0.97 0.26 0.90 3.46 0.50 1.01 6.68
UO2 0.12 bd bd 0.17 0.13 0.21 0.17
Al2O3 bd bd 0.04 0.03 0.03 0.03 0.03
Y2O3 21.90 29.50 6.71 5.45 6.10 6.99 14.44
La2O3 0.25 0.16 0.39 1.70 3.92 3.83 0.43
Ce2O3 0.83 0.89 3.96 9.69 11.75 12.92 2.12
Pr2O3 0.42 0.19 1.11 2.42 1.93 1.94 0.82
Nd2O3 3.14 1.53 7.30 14.92 11.54 10.60 6.05
Sm2O3 3.49 1.30 3.01 5.00 5.87 4.47 5.65
Eu2O3 1.66 1.31 0.61 1.00 0.73 1.11 1.23
Gd2O3 6.34 2.91 3.39 4.19 6.10 5.90 6.86
Tb2O3 0.98 0.75 0.37 bd 0.41 0.47 0.73
Dy2O3 5.89 4.44 1.53 1.07 2.05 2.13 3.21
Ho2O3 1.10 0.93 bd bd bd 0.50 bd
Er2O3 2.42 3.09 0.62 0.41 0.43 0.68 1.28
Yb2O3 1.07 1.69 0.53 0.16 0.53 0.57 1.09
Lu2O3 0.50 0.44 0.21 0.24 0.15 0.29 0.43
CaO 0.06 0.06 4.30 1.79 0.49 0.35 0.83
MnO bd bd 0.05 bd bd bd 0.05
FeO* bd bd 0.19 0.26 0.15 bd 0.71
Total 100.66 100.99 100.09 98.24 99.30 99.21 99.30

Formulae on the basis of (Nb+Ta+Ti) = 1
Ca 0.003 0.003 0.135 0.091 0.025 0.018 0.043
La 0.004 0.003 0.004 0.030 0.070 0.069 0.008
Ce 0.014 0.015 0.043 0.169 0.209 0.232 0.037
Pr 0.007 0.003 0.012 0.042 0.034 0.035 0.014
Nd 0.051 0.025 0.077 0.254 0.200 0.186 0.103
Sm 0.055 0.021 0.030 0.082 0.098 0.076 0.093
Eu 0.026 0.021 0.006 0.016 0.012 0.019 0.020
Gd 0.095 0.044 0.033 0.066 0.098 0.096 0.109
Tb 0.015 0.011 0.004 0.000 0.007 0.008 0.011
Dy 0.086 0.066 0.014 0.016 0.032 0.034 0.049
Ho 0.016 0.014 0.000 0.000 0.000 0.008 0.000
Er 0.034 0.045 0.006 0.006 0.007 0.010 0.019
Yb 0.015 0.024 0.005 0.002 0.008 0.009 0.016
Lu 0.007 0.006 0.002 0.003 0.002 0.004 0.006
Y 0.529 0.722 0.105 0.138 0.157 0.182 0.367
Th 0.010 0.003 0.006 0.037 0.006 0.011 0.073
U 0.001 0.000 0.000 0.002 0.001 0.002 0.002
W 0.005 0.025 0.001 0.003 0.004 0.000 0.000
Fe2+ 0.000 0.000 0.005 0.010 0.006 0.000 0.028
Mn 0.000 0.000 0.001 0.000 0.000 0.000 0.002
Al 0.000 0.000 0.001 0.002 0.002 0.002 0.002
Nb 0.979 0.936 0.616 0.931 0.970 0.984 0.889
Ta 0.007 0.009 0.011 0.009 0.015 0.007 0.042
Ti 0.014 0.056 0.373 0.060 0.015 0.009 0.069
Si 0.004 0.024 0.002 0.013 0.004 0.002 0.011

Explanation: Analyses 1, 2, in cluster in titanite -TiO2 zone, Fig . 5d; 3, 4, darker and brighter components in rounded prism,
Fig. 6b; 5, 6, in skeletal prism (Fig. 6a); 7, 8, anhedral grains in titanite-TiO2 zone, Fig. 5d; euhedral grain in chevkinite FeO*
all Fe as Fe 2+. bd , below detection. F-(Y), fergusonite-(Y); F-(Nd), fergusonite-(Nd); A-(Y), aeschynite-(Y); F-(Ce), 
-(Ce); A-(Ce), aeschynite-(Ce); NA-(Y), nioboaeschynite-(Y)

A-(Ce) F-(Nd)

bd bd
6.80 44.82
0.52 0.16
0.06 0.20
41.63 0.26
1.76 8.44
bd 0.13

0.04 bd
0.42 2.15
12.54 1.10
22.77 8.13
2.07 2.67
5.72 20.12
0.71 6.39
bd 0.70

2.57 4.51
bd bd
bd 0.96
bd bd
bd bd
bd 0.21
bd bd

1.12 1.19
bd bd

0.35 bd
99.08 102.14

0.035 0.062
0.134 0.020
0.242 0.145
0.022 0.047
0.059 0.350
0.007 0.107
0.000 0.012
0.025 0.073
0.000 0.000
0.000 0.015
0.000 0.000
0.000 0.000
0.000 0.003
0.000 0.000
0.006 0.056
0.012 0.094
0.000 0.001
0.000 0.000
0.008 0.000
0.000 0.000
0.001 0.000
0.089 0.988
0.004 0.002
0.907 0.010
0.002 0.010

1               2                3               4               5               6                7               8               9

,
fergusonite

Table 4. Compositions of Nb oxides



BOGUSŁAW BAGIŃSKI ET AL.490

P2O5 0.57 0.50 0.57 0.21 0.49 bd
SiO2 21.81 21.68 21.83 21.62 29.25 26.04 30.01 1.85
TiO2 0.23 0.20 0.26 0.27 0.12 0.11 0.08
ThO2 0.14 0.85 0.16 1.27
Al2O3 0.32 0.33 0.21 0.07 bd 0.39 bd
Y2O3 1.07 0.72 0.92 0.35 5.14 2.45 3.94 1.76
La2O3 7.00 8.63 8.31 9.69 0.88 1.84 1.09 8.53
Ce2O3 27.55 29.49 28.84 32.86 5.61 15.78 7.97 28.72
Pr2O3 4.65 4.14 4.24 4.46 1.48 2.52 1.86 3.45
Nd2O3 19.35 18.17 17.92 17.50 12.00 14.61 13.60 14.07
Sm2O3 3.44 2.95 2.98 1.91 4.86 4.20 5.10 2.02
Eu2O3 0.24 0.14 0.22
Gd2O3 1.61 1.40 1.47 0.91 4.46 3.22 3.90 0.96
Tb2O3 0.58 0.32 0.46
Dy2O3 0.51 0.17 bd bd 1.95 1.35 1.39 0.67
Er2O3 0.45 bd 0.34
Yb2O3 0.33 0.21 0.30
MgO 0.81 0.89 0.86 0.67 0.07 0.14
CaO 4.40 3.93 4.33 3.54 11.42 5.61 10.08 6.29
MnO 0.07 0.07 0.13 0.10 0.10 0.14 0.15
FeO* 1.33 1.31 1.43 2.31 4.59 4.28 4.13 0.32
SrO 1.21
BaO bd
F 0.78 0.76 0.79 0.53 bd 0.22 0.22 0.81
Cl 0.08 0.07 0.07 bd
Sum 95.58 95.41 95.22 97.00 83.60 84.84 85.14 71.93
O = F, Cl 0.35 0.34 0.35 0.22 0.00 0.09 0.09 0.34
Total 95.34 95.16 94.87 96.97 83.60 84.75 85.05 71.59

Formulae on basis of 17 cations                              Formulae on basis of 2 Si Formulae on 
Ca 1.502 1.352 1.481 1.211 0.837 0.462 0.720 0.211
Sr 0.022
Ba 0.000
Th 0.002 0.015 0.002 0.009
La 0.822 1.022 0.979 1.141 0.022 0.052 0.027 0.098
Ce 3.213 3.468 3.371 3.841 0.140 0.444 0.194 0.329
Pr 0.540 0.484 0.493 0.519 0.037 0.071 0.045 0.039
Nd 2.201 2.084 2.043 1.995 0.293 0.401 0.324 0.157
Sm 0.378 0.326 0.328 0.210 0.114 0.111 0.117 0.022
Eu 0.006 0.004 0.005
Gd 0.170 0.149 0.156 0.096 0.101 0.082 0.086 0.010
Tb 0.013 0.008 0.010
Dy 0.052 0.018 0.000 0.000 0.043 0.033 0.030 0.007
Y 0.181 0.123 0.156 0.059 0.187 0.100 0.140 0.029
Fe2+ 0.354 0.352 0.382 0.617 0.262 0.275 0.230 0.008
Mn 0.019 0.019 0.035 0.027 0.006 0.009 0.008
Al 0.120 0.125 0.079 0.026 0.000 0.035 0.000
Mg 0.385 0.426 0.409 0.319 0.008 0.014
Ti 0.055 0.048 0.062 0.065 0.006 0.006 0.004
Si 6.844 6.859 6.866 6.800 2.000 2.000 2.000 0.058
P 0.154 0.136 0.154 0.057 0.032 0.000
Be 2.000 2.000 2.000
F 0.786 0.772 0.798 0.535 0.000 0.053 0.046 0.080
Cl 0.044 0.039 0.038 0.000
  cations 6.07 6.20 6.00 1.000

2+

1.25 1.13

1.38 1.18

1.30 1.25
9.12 10.59

25.23 19.44
3.81 4.64

16.45 18.63
2.64 3.14

0.92 1.35

0.69 0.22

6.92 7.08

0.16 0.37
1.20 1.49
0.44 0.24
0.95 0.91

72.47 71.66
0.40 0.38

72.07 71.28
basis of 1 cation
0.232 0.238
0.022 0.027
0.005 0.003
0.010 0.008
0.105 0.123
0.289 0.223
0.043 0.053
0.184 0.209
0.028 0.034

0.009 0.014

0.007 0.002
0.022 0.021
0.004 0.010

0.039 0.035

0.094 0.090

1.000 1.000

hydroxylbastnasite-(Ce)hingganitecerite-(Ce)
1             2            3              4               5              6              7              8              9              10

Explanation: Analyses 1-2, intergrown with allanite-(Ce), Fig. 5b;3, 4, anhedral grains in chevkinite-(Ce); 5-7 agregate
(Fig. 5b); X-Y, growing alongboundaries of allanite-(Ce). FeO* all Fe as Fe2+. bd. below detection. Blank not determined.
Be assumed to be 2.000 a.p.f.u.

Table 5. Representative compositions of cerite, hingganite and hydroxylbastnäsite-(Ce)
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1 2 3 4 5
wt.%
P2O5 0.19 0.21 7.57 6.90 7.79
SiO2 18.88 15.31 8.76 7.89 8.80
TiO2 0.16 0.15 0.14 0.22 0.22
ThO2 66.06 64.02 54.61 57.97 55.91
UO2 3.89 0.99 0.62 0.50 0.55
Al2O3 bd 0.15 0.23 0.17 0.21
Y2O3 1.71 1.96 0.85 0.73 0.84
La2O3 0.13 0.32 2.00 1.61 1.80
Ce2O3 1.27 1.01 0.95 0.33 0.39
Pr2O3 bd bd 0.74 0.36 0.33
Nd2O3 0.63 1.08 2.53 1.70 1.99
Sm2O3 0.27 0.60 0.55 0.29 0.40
Gd2O3 0.66 0.85 0.56 0.46 0.44
Dy2O3 0.55 0.44 bd bd bd
MgO bd 0.05 0.08 0.06 0.06
CaO 0.03 1.02 2.76 3.07 2.50
MnO bd bd 0.08 bd bd
FeO* 0.13 0.46 0.46 0.47 0.50
PbO 1.36 0.21 bd bd bd
Total 95.92 88.83 83.49 82.73 82.73

Formulae based on 4 oxygens
P 0.009 0.011 0.380 0.362 0.392
Si 1.022 0.920 0.520 0.489 0.524
Ti 0.007 0.007 0.006 0.010 0.010
Th 0.814 0.876 0.737 0.818 0.757
U 0.047 0.013 0.008 0.007 0.007
Al 0.000 0.011 0.016 0.012 0.015
Y 0.049 0.063 0.027 0.024 0.027
La 0.003 0.007 0.044 0.037 0.040
Ce 0.025 0.022 0.021 0.007 0.008
Pr 0.000 0.000 0.016 0.008 0.007
Nd 0.012 0.023 0.054 0.038 0.042
Sm 0.005 0.012 0.011 0.006 0.008
Gd 0.012 0.017 0.011 0.009 0.009
Dy 0.010 0.009 0.000 0.000 0.000
Mg 0.000 0.004 0.007 0.006 0.005
Ca 0.002 0.066 0.175 0.204 0.159
Mn 0.000 0.000 0.004 0.000 0.000
Fe2+ 0.006 0.023 0.023 0.024 0.025
Pb 0.020 0.003 0.000 0.000 0.000

  cations 2.04 2.09 2.06 2.06 2.04

Explanation:  Analyses 1, 2, anhedral grain in chevkinite-(Ce)(Fig. 5b); 3-5, string of grains in cerite -(Ce)

(Fig. 5B). FeO* all Fe as Fe2+. bd, below detection.

Table 6. Compositions of thorite



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


