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Abstract Except forming two Cs-rich minerals like

pollucite and londonite, cesium generally occurs in trace

amounts in potassium-bearing minerals owing to its very

low Clarke value and large ionic radius. However, in the

Koktokay#3 pegmatite (Altai, NW China), lepidolite is

extremely enriched in cesium (typically 21–26 wt%

Cs2O). Cs-enriched lepidolite is restricted to the inner of

the pegmatite, where four types of occurrence are

characterized by using in situ techniques (EMP: elec-

tron microprobe, micro-XRD: micro-area X-ray dif-

fractometer and Raman probe: micro-area Raman

spectrometer) as: (1) outer zones on Cs-poor lepidolite

cores; (2) fine overgrowths on muscovite veinlets; (3)

veinlets in Cs-poor lepidolite and (4) veinlets in elbaite.

There is an inverse correlation between K and Cs and in

terms of VIAl versus Cs/(K+Cs), the Cs-dominant micas

are an analog of the Li-rich mica polylithionite. Micro-

XRD patterns and micro-Raman spectra indicate that

Cs-dominant polylithionite structurally corresponds to

minerals of the lepidolite series. According to its dis-

tribution and compositional characteristics, the Cs-

dominant polylithionite seems to have formed at the

magmatic to hydrothermal transition stage of pegmatitic

magma evolution as a result of marginal replacement of

early-formed lepidolite by Cs-rich fluids. Alternatively,

it may have formed through direct precipitation from

Cs-rich fluids. The results of the present study have

important implications for the storage of nuclear waste

in that Li mica such as polylithionite is a good candidate

for immobilizing high-level radioactive cesium waste.

Introduction

Cesium is a rare alkali element distinguished by its very

low Clarke value (2 ppm, McDonough et al. 1992) and

very large ionic radius (1.67 Å, Shannon 1976), and

occurs in traces in potassium-bearing minerals. Pollu-

cite and londonite are the two main Cs-rich minerals

known in nature, where they occur in highly evolved

granitic pegmatites. Micas can contain minor to sub-

stantial amounts of cesium. Examples of Cs-bearing

mica include cesian biotite (Cs2O = 5.97 wt%, Gins-

burg et al. 1972) and rubidian cesian phlogopite (Cs2O

= 6.60 wt%, Hawthorne et al. 1999). Examples sug-

gesting dominance of cesium in the interlayer sites of

mica have been described by Černý et al. (1994) and

Huang et al. (2002). Nanpingite (Cs2O = 25.29 wt%,

Yang et al. 1988) is the Cs analog of muscovite, but is

only described from its type locality (Nanping rare-

element granitic pegmatite in southern China). Černý

et al. (2003) described the mode of occurrence and

chemical composition of polylithionite, annite and

phlogopite with Cs-dominant populations from the

Red Cross Lake rare-element pegmatites in north-

central Manitoba, Canada. Wang et al. (2004) also

identified the Cs-dominant analog of polylithionite in
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the Yichun topaz–lepidolite granite, southern China.

However, many questions remain concerning notably

the species of mica that preferably hosts Cs, and the

conditions under which Cs-dominant micas crystallize

in granitic or pegmatitic magmas.

From another viewpoint, micas have been proposed

as promising candidates for storage of radiogenic Cs

isotopes (Mellini et al. 1996). Ferruginous trioctahe-

dral mica (e.g., ‘‘Cs-tetra-ferri-annite’’) is considered

the most suitable phase to host Cs, which is easily

synthesized under hydrothermal conditions (Drábek

et al. 1998). However, the synthesis of Cs-rich lithian

mica has not yet been reported previously and little is

known about the substitution of cesium in the inter-

layer sites of lepidolite.

In the Koktokay#3 pegmatite (Altai, NW China),

lepidolite is extremely enriched in cesium with Cs2O

contents between 21 and 26 wt%, in addition to

pollucite as a major Cs mineral (Wang et al. 2006).

Moreover, Cs-enriched lepidolite coexists with Cs-poor

lepidolite or muscovite. The aims of the present study

are to characterize on a micro-scale the Cs-dominant

analog of lepidolite from this pegmatite using multiple

in situ techniques (EMP: electron microprobe, micro-

XRD: micro-area X-ray diffractometer and Raman

probe: micro-area Raman spectrometer), to examine

the amount of Cs in the interlayer sites of mica ranging

from low-Cs to Cs-dominant lepidolite. We also discuss

the implications of these results for the storage of

radioactive cesium.

Geological setting of the Koktokay#3 pegmatite

The Koktokay#3 pegmatite is one of the thousands of

pegmatite dykes in the Altai pegmatite district, NW

China (Fig. 1a). According to Černý’s (1991) classifi-

cation, the Koktokay#3 pegmatite belongs to the

spodumene-subtype category. In the past several dec-

ades, the pegmatite was mainly mined for spodumene,

lepidolite, beryl, pollucite and columbite-tantalite, but

mining activities ceased several years ago.

The characteristics of the Koktokay#3 pegmatite are

discussed in an earlier publication (Zhang et al. 2004b)

and here we present a simplified geological map

(Fig. 1a) and another showing the distribution of nine

mineral zones recognized in the pegmatite (Fig. 1b).

Only zones V–VIII are mineralized in rare metals (Ta,

Nb, Be, Li, Cs). Pollucite, one of the two principal

carriers of cesium in the pegmatite, appears mostly in

zones V, VI and VII (Wang et al. 2006), whereas Cs-

rich lepidolite is more widespread in zones V, VI, VII

and VIII.

In situ analytical methods

Electron microprobe

Polished thin sections were initially examined using the

back-scattered electron (BSE) mode of a JEOL

JXA8800 electron microprobe (EMP) in the Depart-

ment of Earth Sciences, Nanjing University, in order to

characterize the internal chemical heterogeneity of the

Cs minerals. Mineral compositions were determined

using the same instrument in wavelength–dispersion

mode. The operating conditions were as follows:

accelerated voltage 15 kV, beam current 20 nA, beam

diameter 1 lm. Both natural and synthetic standards

were used: Amelia albite (Na La), Tanco pollucite (Cs

Ka, Al La, Si La), orthoclase (K Ka), amazonitic K-

feldspar (Rb La), hornblende (Mg La, Fe Ka, Ca Ka),

Durango fluorapatite (F La). The ZAF program was

used for data reduction (Armstrong 1989). The lithium

content of lepidolite was determined according to the

empirical equation Li2O (wt%) = (0.287 · SiO2)–9.552

for the trioctahedral polylithionite and trilithionite

(Tindle and Webb 1990), and according to the equation

Li2O = 0.3935F1.326 for dioctahedral muscovite

(Tischendorf et al. 1997).

Micro-area X-ray diffractometer

A polished thin section was used to investigate lepid-

olite using a Rigaku D/max-RAPID micro-area X-ray

diffractometer (micro-XRD), in the X-ray Application

Laboratory of Rigaku Corporation, Japan. To facilitate

selection of the area for examination, a color CCD

camera was used to view the specimen. The beam was

collimated to 100 lm. Experimental conditions are X-

ray target: Cu Ka; voltage: 40 kV; current: 36 mA;

collimator: 0.03 mm; exposure time: 1 h; axes: x fixed

at 25�, / fixed at 0� (Rigaku Corporation 1999).

Micro-area Raman spectrometer

Raman spectra were recorded at room temperature

on polished thin sections with a Renishaw RM2000

Raman spectrometer equipped with a CCD detector,

in the Department of Earth Sciences of Nanjing

University with excitation laser wavelength of 514 nm

(Ar+ laser), laser energy of 5 mW, spectral slit of

25 lm and collecting time of 30 min. The 50 ·
objective was used on a Leica DM/LM microscope.

With this objective, the lateral spot-size of the laser

beam was about 1 lm. Silicon (520 cm–1 Raman shift)

was used as a standard.
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Results

Occurrence and composition of Cs-dominant

lepidolite in the Koktokay#3 pegmatite

Micas (muscovite and lepidolite) occur as major

constituents in most of the textural zones of the

Koktokay#3 pegmatite. Four types of occurrence of

the Cs-dominant lepidolite have been recognized in the

inner pegmatite zones V–VIII.

Type A: Cs-dominant lepidolite as outer zone

on lepidolite core

On a microscopic scale, abundant euhedral flakes of

lepidolite are dispersed throughout the pollucite

(Fig. 2a, b, c), but also form veinlets, up to 2 cm long,

crosscutting the pollucite crystal (Fig. 2d, e, f). Flakes of

lepidolite are between 100 and 200 lm wide and 200 lm

to 2 mm long. They show zoning textures in BSE images,

generally with a darker core (named Lep-A1 in Fig. 2a)

and a brighter marginal zone (Lep-A2 in Fig. 2a) with a

sharp boundary between them. Under the optical

microscope, two types of zones can be distinguished by

their interference colors in cross-polarized light (Fig. 2g,

h). The cores are commonly narrow, down to 30 lm,

whereas the outer zones are up to 150 lm wide. A nar-

row, almost complete rim of strongly Cs-rich pollucite

(nearly the pollucite end-member, CRK > 90)

[CRK = 100 · (Cs + K + Rb)/S(Cs + Na + K + Rb +

Ca + Mg)] mostly 10–20 lm wide surrounds lepidolite

inclusions in pollucite (CRK = 80–90).

Fig. 1 Regional geological
map (a) and internal textural
zonation (b) of the
Koktokay#3 granitic
pegmatite, Altai,
Northwestern China
(modified after Wang et al.
1981; Zhu et al. 2000)
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X-ray compositional maps and quantitative EMP

spot analyses of the lepidolite reveal strongly different

K/Cs compositions between the core and outer zone,

the latter being Cs-enriched (Fig. 2; Table 1). The Lep-

A1 core is homogenous and contains on average

1.26 wt% Cs2O. However, the homogenous marginal

zones have Cs2O of ~22.78 wt% (1r ± 1.60).

Type B: Cs-dominant lepidolite as finely-divided

overgrowth on muscovite veinlets

In Fig. 3, adjacent to the pollucite crystal, a veinlet of

muscovite (Mus-B1) is 2 mm long but only 10–20 lm

thick. Microscopically, the muscovite is associated with

small grains of tourmaline. Fine flakes of lepidolite

(Lep-B1), overgrowing the muscovite, also form a

veinlet with nearly the same thickness and length as the

muscovite veinlet.

Compositionally, Lep-B1 corresponds to a Cs-dom-

inant analog of polylithionite (Table 2). Muscovite is

mostly homogeneous and close to the ideal formula

(Table 2). Also, EMP analyses indicate that the asso-

ciated tourmaline is rossmanite, an alkali-deficient

species of the tourmaline group (Zhang et al. 2004a).

Type C: Cs-dominant lepidolite veinlets in rock-forming

lepidolite

This type of Cs-enriched lepidolite is restricted to the

lepidolite-platy albite zone VIII of the pegmatite.

Muscovite is the dominant mica in this zone. It

forms coarse-grained finely-divided greenish to col-

ourless aggregates (£ 5 cm) locally associated with

green elbaite, and overgrown by pink lepidolite.

Masses of greenish muscovite show simple sharp

boundaries against lepidolite. However, the lepidolite

is microscopically strongly heterogeneous, as demon-

strated both in a cross-polarized photomicrograph

(Fig. 4a) and in a BSE image (Fig. 4b). Figure 4a

shows that the rock-forming lepidolite (Lep-C1) en-

closes small muscovite flakes (Mus-C1). This is espe-

cially evident in the Al distribution map (Fig. 4e);

Fig. 2 Electron-microprobe
maps and microphotograph of
lepidolite (Lep-A1) and its
outer Cs-rich zone (Lep-A2).
a–c Zoned lepidolite flake
enclosed in pollucite. a BSE
image, b–c distribution maps
of K and Cs, respectively;
d–f veinlet of lepidolite
crosscutting pollucite. d BSE,
e–f distribution maps of the
outlined area of K and Cs,
respectively;
g–h microphotograph of
zoned lepidolite in pollucite.
g Plane-polarized light,
h cross-polarized light
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numerous Mus-1 inclusions vary from several to tens of

microns. The rock-forming lepidolite Lep-C1 is man-

tled by optically and compositionally different lepido-

lite (Lep-C2). The mantle is 10–50 lm wide with a

sharp outward transition into veinlets of Cs-rich

lepidolite (Lep-C3), commonly several tens of microns

wide. Overall, the veinlets appear as fillings along fis-

sures or cleavages of the Lep-C1 lepidolite, forming

parallel veinlets or networks. When albite is enclosed

in lepidolite, Cs-lepidolite rims this mineral.

Electron-microprobe analyses have been carried out

on all types of white mica present (Table 3). Muscovite

approaches the end-member composition with very

low Cs2O content (Table 3). The average composition

(wt%) of the rock-forming lepidolite classifies it as

trilithionite (Table 3). The rim lepidolite (Lep-C2) is

more silicic but less aluminous than Lep-C1, and may

be considered a Cs-poor polylithionite (Table 3). The

lepidolite veinlets (Lep-C3) are mostly homogenous-

and Cs-rich, i.e., the Cs-dominant analog of polylithi-

onite (Table 3).

Type D: Cs-dominant lepidolite as veinlets in elbaite

This type of Cs-dominant lepidolite forms veinlets

cross-cutting tourmaline.

Associations of Cs-rich lepidolite with tourmaline are

not common in the Koktokay#3 pegmatite. Very rarely,

finely-divided Cs-rich lepidolite is enclosed in ‘‘water-

melon’’-like tourmaline, associated with muscovite,

quartz and pollucite (Zhang et al. 2006). Here we report

veinlets of Cs-dominant lepidolite (Lep-D1) in a large

pale pink crystal of elbaite, about 4 cm across (Fig. 5).

The veinlets are sub-parallel, 100–150 lm thick and

100 lm to 2 mm long. Small flakes of muscovite (Mus-

D1) are locally dispersed at the margins of the lepidolite

veinlets. Lepidolite veinlets cross-cut different zones of

elbaite, indicating a later formation.

The average EMP composition of Mus-D1 corre-

sponds to end-member muscovite (Table 4). Cs-rich

lepidolite Lep-D1 is mostly homogenous, and its

composition indicates that it is the Cs analog of poly-

lithionite (Table 4).

Table 1 Representative
electron-microprobe
compositions of micas (type
A) from the Koktokay#3
pegmatite

Structural formulae are
calculated on the basis of 11
atoms of O per formula unit
(apfu)

N Number of electron-
microbe analyses for average.
See text for mica abbreviation
a Li2O is estimated using the
equation of Tindle and Webb
(1990) for lepidolite, and that
of Tischendorf et al. (1997)
for muscovite
b H2O values are calculated
assuming the OH-F site is
filled and amount of Cl is
negligible

Mica
Abbr

Lep-A1 Lep-A2

P-3 S-7 Average
(N = 15)

P-2 S-11 Average
(N = 16)

SiO2 (wt%) 54.12 52.40 53.59 (0.76) 48.18 47.55 47.63 (0.67)
Al2O3 20.60 22.47 21.84 (0.96) 16.89 16.05 16.78 (1.07)
FeO 0.00 0.07 0.02 (0.03) 0.00 0.03 0.03 (0.04)
MnO 0.10 0.12 0.11 (0.03) 0.06 0.09 0.13 (0.05)
MgO 0.00 0.00 0.00 (0.00) 0.01 0.00 0.02 (0.05)
Li2Oa 5.98 5.49 5.83 (0.22) 4.28 4.09 4.12 (0.19)
Na2O 0.08 0.11 0.09 (0.02) 0.02 0.03 0.02 (0.03)
K2O 11.00 10.94 10.97 (0.25) 2.12 1.00 1.90 (0.66)
Rb2O 0.02 0.02 0.01 (0.01) 0.05 0.13 0.11 (0.02)
Cs2O 1.26 1.53 1.26 (0.31) 22.46 25.06 22.78 (1.60)
CaO 0.00 0.00 0.00 (0.01) 0.00 0.03 0.02 (0.05)
F 6.63 6.63 6.71 (0.37) 5.17 5.77 5.35 (0.38)
Less F=O 2.78 2.79 2.82 2.17 2.43 2.25
H2Ob 1.33 1.30 1.32 1.39 1.02 1.27
Total 98.33 98.33 98.94 98.46 98.45 97.91
Si (apfu) 3.627 3.531 3.572 3.757 3.791 3.755
Al(IV) 0.373 0.469 0.428 0.243 0.209 0.245
Al(IV) 1.253 1.315 1.287 1.309 1.300 1.313
Fe 0.000 0.004 0.001 0.000 0.002 0.002
Mn 0.006 0.007 0.006 0.004 0.006 0.009
Mg 0.000 0.000 0.000 0.001 0.000 0.002
Li 1.612 1.487 1.562 1.341 1.313 1.306

2.871 2.813 2.857 2.656 2.622 2.631
Na 0.011 0.014 0.012 0.003 0.005 0.003
K 0.940 0.940 0.933 0.211 0.102 0.190
Rb 0.001 0.001 0.000 0.003 0.007 0.005
Cs 0.036 0.044 0.036 0.746 0.851 0.766
Ca 0.000 0.000 0.000 0.000 0.003 0.002

0.987 0.999 0.981 0.963 0.968 0.967
F 1.405 1.414 1.414 1.276 1.456 1.333
OH 0.595 0.586 0.586 0.724 0.544 0.667
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Structural character of the Cs-dominant lepidolite

by in situ techniques

As shown above, Cs-rich lepidolite is always closely

associated with normal lepidolite or muscovite.

Therefore, it is impossible to separate physically

Cs-dominant polylithionite to conduct routine X-ray

diffraction analysis. For this reason, we chose micro-

XRD and Raman probe to analyse the lepidolite in

order to characterize the crystal structure of the Cs-

dominant analog of polylithionite.

Micro-area X-ray diffraction

About 100-lm-sized micro-area X-ray diffraction was

carried out on a polished thin section. We chose a

zoned flake of lepidolite (the same type as lepidolite of

type A, described in Sect. 4.1.1) about 500 lm wide,

which is enclosed in pollucite. Figure 6 is the observed

image of the section examined with a CCD camera.

Electron-microprobe analyses revealed that the lepid-

olite core Lep1 contains 1.86 wt% Cs2O [(K0.84

Cs0.06Rb0. 01)0.91(Al1.30Li1.52)(Si3. 66Al0.34O10)(OH)0.22

F1.78], whereas the outer zone Cs-Lep1 and Cs-Lep2

contain as much as 25.26 wt% Cs2O [(K0.11Cs0.88)0.99

(Al1.46Li1. 00)(Si3.59 Al0.41O10)(OH)0.54F1.46]. The X-ray

diffraction patterns of Lep1, Cs-Lep1 and Cs-Lep2 are

shown in Fig. 7, and XRD data of a polylithionite

[K(Al0.62Li1.30)(Si3.58 Al0.42O10)(OH)0.485F1.5] from the

JCPDS catalog in the 2h range of 0�–80� is given for

comparison.

The X-ray diffraction patterns of the normal, Cs-

poor lepidolite (Lep1 in Fig. 7) are characterized by

several strong peaks [d in Å (I) (hkl): 2.983 (48) (025),

2.593 (38) (130), 1.506 (100) (–3.32), 1.014 (45) (446)],

and are consistent with the standard patterns for

polylithionite found in the JCPDS catalog. The dif-

fraction patterns from two areas of the Cs-rich outer

zone of lepidolite (Cs-Lep1 and Cs-Lep2, respectively,

Fig. 7) are similar in terms of peak positions although

their relative intensities are very different. Moreover,

peak positions of the Cs-rich outer zone (Cs-Lep1)

compare favorably with those of the polylithionite core

(Lep1). Therefore, the similarity of XRD pattern of

Cs-dominant polylithionite with that of the Cs-bearing

polylithionite suggests that they are structural mem-

bers of the lepidolite series. The cell parameters a, b, c

(Å) and b (�) are 5.214, 9.100, 20.056, 99.571 for Lep1,

5.215, 9.066, 20.101, 99.559 for Cs-Lep1 and 5.218,

9.0597, 20.822, 99.1759 for Cs-Lep2, respectively. It is

noted that the crystallographic results deduced from

the micro-diffraction data must be treated with

Fig. 3 Electron-microprobe
maps of veinlet of muscovite
+ Cs-dominant polylithionite
adjacent to a pollucite crystal.
a BSE image; c–d distribution
maps of K, Cs and Al
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caution. Even so, the c parameter of Cs-rich lepidolite

is larger than that of Cs-poor lepidolite, and this is

probably related to the effect of incorporation of Cs+ in

the interlayer sites, as predicted from the cell param-

eter differences between nanpingite and muscovite

(Yang et al. 1988; Ni and Hughes 1995).

Micro-Raman spectra

The zoned crystal of lepidolite shown in Fig. 7 was also

studied by micro-Raman spectrometry in order to

compare Cs-dominant polylithionite with a Cs-bearing

lepidolite-series mineral.

The Raman spectra of the Cs-bearing core (as Lep-

A1) and Cs-rich rim (as Lep-A2) of the lepidolite are

very similar in their peak positions. Raman peaks were

assigned on the basis of previous results of McKeown

et al. (1999a, b) and Wang et al. (2002). The peak at

about 1,150 cm–1 is attributed to the stretching mode of

the Si–Onb bond (Onb: non-bridging oxygen) in SiO4

tetrahedra. The typical peak for phyllosilicate minerals

at ~700 cm–1 is well displayed for both the conven-

tional lepidolite and the Cs-dominant lepidolite, cor-

responding to both Si–O stretching and O–Si–O

bending deformations (Wang et al. 2002). The Raman

peaks in the <600 cm–1 region arise from a complex set

of translational motions of cations in octahedral and

interlayer sites relative to the SiO4 groups, oxygen

atoms and OH groups (including their transitional and

vibrational motions).

Discussion

Compositional variations across different

paragenetic types of lepidolite

Our studies show that there is a broad range of alkali

contents in the lepidolite, and that a good inverse

correlation exists between K and Cs in the series

between lepidolite and Cs-rich lepidolite (Fig. 8). Rb,

Na and Ca contents in the alkali site are low.

Table 2 Representative
electron-microprobe
compositions of micas (type
B) from the Koktokay#3
pegmatite

See the footnotes in Table 1
for processing of data

Mica Abbr Lep-B1 Mus-B1

22 23 Average
(N = 12)

11 19 Average
(N = 10)

SiO2 (wt%) 47.46 47.02 47.21 (1.13) 44.83 45.67 45.48 (0.34)
Al2O3 16.58 16.92 17.83 (0.71) 37.91 38.06 38.39 (0.34)
FeO 0.02 0.00 0.03 (0.03) 0.02 0.01 0.02 (0.03)
MnO 0.12 0.15 0.12 (0.04) 0.01 0.00 0.01 (0.01)
MgO 0.00 0.00 0.00 (0.01) 0.00 0.00 0.00 (0.00)
Li2Oa 4.07 3.94 4.00 (0.33) 0.00 0.00 0.00 (0.00)
Na2O 0.01 0.01 0.04 (0.03) 0.32 0.35 0.34 (0.03)
K2O 0.60 0.63 1.72 (0.99) 11.09 11.01 11.04 (0.11)
Rb2O 0.12 0.09 0.10 (0.02) 0.01 0.02 0.03 (0.04)
Cs2O 25.93 25.61 23.14 (2.07) 0.28 0.30 0.25 (0.05)
CaO 0.02 0.00 0.02 (0.02) 0.03 0.00 0.01 (0.01)
F 4.95 5.40 5.34 (0.32) 0.00 0.00 0.00 (0.00)
Less F=O 2.08 2.27 2.24 0.00 0.00 0.00
H2Ob 1.43 1.20 1.29 4.47 4.52 4.53
Total 99.22 98.69 98.66 98.96 99.95 100.13
Si (apfu) 3.769 3.750 3.700 3.003 3.025 3.007
Al(IV) 0.231 0.250 0.300 0.997 0.975 0.993
Al(IV) 1.320 1.342 1.347 1.997 1.996 1.999
Fe 0.001 0.000 0.002 0.001 0.000 0.001
Mn 0.008 0.010 0.008 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000
Li 1.299 1.265 1.259 0.000 0.000 0.000

2.629 2.616 2.616 1.998 1.997 2.001
Na 0.002 0.001 0.006 0.042 0.045 0.044
K 0.061 0.064 0.170 0.948 0.930 0.932
Rb 0.006 0.005 0.005 0.000 0.001 0.001
Cs 0.877 0.871 0.775 0.008 0.009 0.007
Ca 0.002 0.000 0.001 0.002 0.000 0.001

0.948 0.940 0.958 1.000 0.984 0.985
F 1.244 1.361 1.324 0.000 0.000 0.000
OH 0.756 0.639 0.676 2.000 2.000 2.000
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A plot of IVAl versus Cs/(K + Cs) (Wang et al. 2004)

separates the data into three sub-groups. Lep-C1

lepidolite has a Cs/(K + Cs) value less than 0.1, with
IVAl values of around 0.8, corresponding to trilithio-

nite. The Cs/(K + Cs) ratios of Lep-A1 and Lep-C2 are

below 0.10, with IVAl from 0.37 to 0.58, mostly in the

polylithionite range. Compositions of Lep-A2, Lep-B1,

Lep-C3 and Lep-D1 have IVAl between 0.11 and 0.37

and Cs/(K + Cs) from 0.61 to 0.92, thus corresponding

to a Cs-dominant analog of polylithionite.

Evidence for dominance of Cs in some types of

lepidolite is given by Černý et al. (2003) and also this

study. However, Wang et al. (2004) have demonstrated

in lepidolites from the Yichun topaz–lepidolite granite

that Cs enrichment occurs only in polylithionite. In this

study also there is virtually no Cs enrichment in tri-

lithionite (Fig. 9), only polylithionite exhibits Cs

enrichment. There is no evidence for the existence of a

Cs-dominant analog of trilithionite.

Late mobility of Cs in the Koktokay#3 pegmatite

Cesium is an incompatible element that is progressively

enriched in the melt with advancing crystallization.

Fig. 4 Photomicrograph (a)
and electron-microprobe
maps (b–e) of aggregate of
different lepidolites (Lep-C1,
Lep-C2, Lep-C3) and
muscovite (Mus-C1). b BSE
image; c–e distribution maps
of K, Cs and Al
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In the Koktokay#3 pegmatite, Cs enrichment is most

pronounced in the inner zones V–VIII, where primary

pollucite crystallized as the major Cs phase under

near-solidus transitional stages from magmatic to

hydrothermal conditions (Wang et al. 2006). Late

mobility of Cs is also found in lepidolite but only in later

generations that overgrow, rim or vein the primary

rock-forming lepidolite. The formation of cesian end-

Table 3 Representative electron-microprobe compositions of micas (type C) from the Koktokay#3 pegmatite

Mica
Abbr

Mus-C1 Lep-C1 Lep-C2 Lep-C3

21 22 Average
(N = 13)

43 47 Average
(N = 11)

4 16 Average
(N = 17)

8 27 Average
(N = 16)

SiO2

(wt%)
45.99 45.16 45.51 (0.76) 49.11 48.21 48.72 (0.65) 51.56 53.28 52.88 (1.06) 47.17 47.62 47.45 (0.62)

Al2O3 36.76 36.74 36.76 (1.92) 29.28 28.26 29.16 (0.73) 24.83 21.76 22.53 (1.06) 17.08 17.43 17.06 (0.96)
FeO 0.11 0.09 0.08 (0.05) 0.05 0.12 0.13 (0.06) 0.12 0.20 0.14 (0.05) 0.11 0.11 0.10 (0.06)
MnO 0.13 0.08 0.12(0.08) 0.21 0.26 0.28 (0.13) 0.38 0.35 0.30 (0.08) 0.30 0.27 0.22 (0.07)
MgO 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 (0.00)
Li2Oa 0.51 0.32 0.76 (1.03) 4.54 4.28 4.43 (0.19) 5.25 5.74 5.62 (0.30) 3.99 4.11 4.07 (0.18)
Na2O 0.33 0.28 0.37 (0.07) 0.30 0.28 0.24 (0.08) 0.16 0.11 0.13 (0.04) 0.00 0.05 0.02 (0.01)
K2O 10.67 10.95 10.95 (0.19) 11.06 11.18 11.02 (0.26) 11.44 11.19 11.08 (0.22) 1.72 2.39 2.12 (0.45)
Rb2O 0.08 0.12 0.04 (0.04) 0.00 0.01 0.05 (0.05) 0.07 0.02 0.04 (0.03) 0.09 0.07 0.08 (0.04)
Cs2O 0.09 0.08 0.08 (0.04) 0.16 0.22 0.20 (0.07) 0.24 0.95 0.86 (0.37) 23.29 22.18 22.77 (0.89)
CaO 0.02 0.00 0.02 (0.01) 0.02 0.00 0.02 (0.02) 0.02 0.01 0.01 (0.01) 0.00 0.01 0.01 (0.02)
F 1.22 0.86 1.30 (0.63) 3.13 4.10 4.02 (0.72) 5.32 7.30 6.29 (0.91) 5.63 5.44 5.40 (0.35)
Less

F=O
0.51 0.36 0.55 1.31 1.72 1.69 2.24 3.06 2.64 2.37 2.29 2.27

H2Ob 3.93 4.05 3.88 3.06 2.49 2.61 1.99 1.03 1.51 1.12 1.26 1.25
Total 99.37 98.45 99.37 99.68 97.69 99.21 99.13 98.93 98.78 98.14 98.66 98.31
Si (apfu) 3.055 3.036 3.029 3.236 3.256 3.233 3.424 3.557 3.529 3.730 3.713 3.732
Al(IV) 0.945 0.964 0.971 0.764 0.744 0.767 0.576 0.443 0.471 0.270 0.287 0.268
Al(IV) 1.933 1.947 1.913 1.511 1.506 1.514 1.368 1.269 1.301 1.323 1.316 1.312
Fe 0.006 0.005 0.005 0.002 0.007 0.007 0.007 0.011 0.008 0.007 0.007 0.007
Mn 0.007 0.004 0.007 0.012 0.015 0.016 0.021 0.020 0.017 0.020 0.018 0.015
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Li 0.137 0.087 0.205 1.204 1.164 1.182 1.401 1.541 1.509 1.268 1.290 1.286

2.083 2.043 2.129 2.729 2.691 2.719 2.797 2.841 2.835 2.618 2.631 2.620
Na 0.042 0.036 0.048 0.038 0.037 0.031 0.021 0.014 0.017 0.000 0.007 0.003
K 0.904 0.939 0.930 0.930 0.964 0.933 0.969 0.953 0.943 0.174 0.238 0.213
Rb 0.003 0.005 0.002 0.000 0.000 0.002 0.003 0.001 0.002 0.005 0.004 0.004
Cs 0.002 0.002 0.002 0.004 0.006 0.006 0.007 0.027 0.025 0.785 0.737 0.763
Ca 0.002 0.000 0.001 0.002 0.000 0.001 0.001 0.001 0.000 0.000 0.001 0.001

0.954 0.983 0.983 0.974 1.007 0.973 1.000 0.996 0.987 0.963 0.986 0.985
F 0.257 0.183 0.273 0.652 0.877 0.845 1.118 1.540 1.327 1.408 1.342 1.344
OH 1.743 1.817 1.727 1.348 1.123 0.673 0.882 0.460 0.656 0.592 0.658 0.655

See the footnotes in Table 1 for processing of data

Fig. 5 Backscattered electron
images of sub-parallel veinlets
of Cs-dominant polylithionite
(Lep-D1) rimmed by
muscovite (Mus-D1) in
elbaite crystal. Outlined area
in (a) is enlarged as shown in
(b)
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members of micas is thus linked to hydrothermal Cs-

rich solutions circulating in the internal zones of the

pegmatite (Lagache 1995).

Fluid-melt partition coefficients for Cs published by

Webster et al. (1989) are variable, but they can be

expected to increase as temperature decreases. In fact,

the Cs contents in magmatic fluids should increase with

progressive crystallization of granitic magma (Audétat

and Pettke 2003). The fact that pollucite and nan-

pingite-like mica occur as cavity phases in the lithium

pegmatite of the O’Grady batholith (Ercit et al. 2003)

also indicates that Cs enrichment in fluid is likely. In

the case of the Koktokay#3 pegmatite, Cs-bearing

fluids may have exsolved during the evolution of the

pegmatitic magma. This type of fluid replaced early-

formed lepidolite along margins, leading to the for-

mation of Cs-dominant polylithionite as outer zones on

primary lepidolite. On the other hand, Cs-dominant

Table 4 Representative
electron-microprobe
compositions of micas (type
D) from the Koktokay#3
pegmatite

See the footnotes in Table 1
for processing of data

Mica Abbr Lep-D1 Mus-D1

1 6 Average
(N = 15)

13 18 Average
(N = 7)

SiO2 (wt%) 46.25 47.94 47.12 (0.86) 44.57 45.24 44.93 (0.31)
Al2O3 17.08 15.26 16.93 (0.84) 37.68 37.39 37.77 (0.48)
FeO 0.10 0.05 0.07 (0.06) 0.00 0.09 0.04 (0.03)
MnO 0.16 0.14 0.14 (0.03) 0.02 0.03 0.03 (0.02)
MgO 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 (0.00)
Li2Oa 3.72 4.21 3.97 (0.25) 0.00 0.00 0.00 (0.00)
Na2O 0.03 0.04 0.02 (0.02) 0.61 0.23 0.31 (0.14)
K2O 0.89 0.85 1.38 (0.50) 10.47 10.97 10.89 (0.19)
Rb2O 0.09 0.12 0.11 (0.02) 0.01 0.02 0.01 (0.01)
Cs2O 26.09 24.34 24.52 (1.27) 0.20 0.29 0.25 (0.07)
CaO 0.00 0.03 0.01 (0.01) 0.02 0.02 0.01 (0.01)
F 4.70 5.67 4.96 (0.29) 0.00 0.00 0.00 (0.00)
Less F=O 1.97 2.38 1.69 0.01 0.01 0.00
H2Ob 1.50 1.06 1.42 4.44 4.47 4.47
Total 98.64 97.39 98.59 98.03 98.76 98.70
Si (apfu) 3.722 3.836 3.740 3.006 3.033 3.013
Al(IV) 0.278 0.164 0.260 0.994 0.967 0.987
Al(IV) 1.343 1.275 1.323 2.001 1.987 1.998
Fe 0.007 0.003 0.005 0.000 0.005 0.002
Mn 0.011 0.010 0.010 0.001 0.002 0.002
Mg 0.000 0.000 0.000 0.000 0.000 0.000
Li 1.205 1.354 1.267 0.000 0.000 0.000

2.565 2.642 2.605 2.002 1.994 2.002
Na 0.004 0.005 0.004 0.080 0.030 0.041
K 0.092 0.087 0.139 0.901 0.938 0.931
Rb 0.005 0.006 0.005 0.000 0.001 0.000
Cs 0.895 0.830 0.830 0.006 0.008 0.007
Ca 0.000 0.003 0.001 0.001 0.002 0.001

0.995 0.931 0.979 0.988 0.979 0.981
F 1.196 1.434 1.247 0.000 0.000 0.000
OH 0.804 0.566 0.753 2.000 2.000 2.000

Fig. 6 CCD image of lepidolite for micro-XRD measurement.
Color circles indicate location of micro-XRD measurement
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polylithionite may also have precipitated from Cs-rich

fluids together with muscovite (Fig. 3).

Implications for the storage of radioactive cesium

137Cs is a highly radioactive fission product from the

irradiation of nuclear fuels, and a major radioactive

component of high-level waste (HLW). Because of its

large ionic radius (1.67 Å, Shannon 1976), only very

few inorganic structures are capable of strongly fixing

it. Thus, natural Cs-bearing minerals, especially pollu-

cite (CsAlSi2O6), have been considered and investi-

gated for storing nuclear materials (Černý 1979;

Teertstra and Černý 1992). However, the wide variety

of alteration products that can replace natural pollucite

(e.g., Teertstra et al. 1992; Wang et al. 2006) indicate its

instability under diverse conditions. Two synthetic

mica-like phases, ‘‘Cs-annite’’ and ‘‘Cs-tetra-ferri-

annite’’, have been recently synthesized and structur-

ally characterized (Mellini et al. 1996; Drábek et al.

1998; Comodi et al. 1999) and offer alternatives for

Fig. 7 Micro-area XRD patterns of zoned lepidolite in Fig. 6, in
comparison with the reference pattern of polylithionite (JCPDS
83-1528)

Fig. 8 Plots of concentrations of K(+Na+Ca) versus Cs(+Rb)(a-
tomic values) in the lepidolite, with concentrations expressed in
atoms per formula unit, apfu

Fig. 9 Plots of compositions of lepidolite from the Koktokay#3
pegmatite in terms of IVAl (apfu) versus atomic Cs/(K + Cs). See
text for abbreviations of lepidolite symbols
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efficiently immobilizing radioactive Cs. Thus, Cs-dom-

inant lepidolite found in granitic environments (Černý

et al. 2003; Wang et al. 2004; this study) may thus be a

potential candidate for the immobilization of radioac-

tive cesium waste:

1. Cesium retaining capacity of storing nuclear mate-

rials is important for immobilization of Cs. Klika

et al. (2006) indicated that synthetic mica ‘‘Cs-tetra-

ferri-annite’’ has limited Cs leachability. This phase

has demonstrated a high degree of Cs retention as a

function of pH and over temperatures from ambient

to 100�C. In the natural pegmatite system, the

migration and dispersal of Cs increases with

decreasing temperature (Teertstra and Černý 1997).

Overall, the evolution of Cs ended when it became

incorporated into lepidolite under low-temperature

hydrothermal conditions in the Altai pegmatite. As

the Cs-dominant lepidolite has not been altered

after its formation, it retains its Cs content.

2. To prevent Cs dispersal from underground HLW

repositories it may be necessary to use material

that can sorb Cs from infiltrating contaminated

water. Micas, as one type of sheet silicate, are a

common component of engineered barrier mate-

rials (Wang et al. 1998) because they strongly ab-

sorb Cs+ with little desorption under natural

conditions. The present study indicates that natural

lepidolite can accommodate significant quantities

of Cs in the interlayer sites. As lepidolite naturally

occurs in granitic rocks, this type of rocks may

control immobilization and transport of radionu-

clide cesium in underground water solutions, and is

considered to be important host-rocks of geologi-

cal disposal sites of high-level radwastes.

3. The synthesis of ‘‘Cs-tetra-ferri-annite’’ is con-

trolled by temperature, pressure and particularly

oxygen fugacity. However, the formation of Cs-

dominant lepidolite is mainly related to hydro-

thermal conditions, either as a consequence of

replacement of non Cs-bearing lepidolite by Cs-

rich fluids through K() Cs substitution, or as a

direct precipitation from Cs-rich fluids. In the vir-

tual absence of Fe, the influence of oxygen fugacity

would be negligible in the synthesis of Cs-domi-

nant lepidolite.

4. Nanpingite, the Cs analog of muscovite, has never

been reported other than from its type locality.

The coexistence of Cs-poor muscovite with Cs-rich

lepidolite in the Altai pegmatite indicates prefer-

ential partitioning of Cs into lepidolite.

5. Before Cs-lepidolite can be adopted as a repository

mineral for Cs in nuclear waste, precise data on the

temperature and pressure controls of its formation

need to be determined. Detailed studies under a

variety of physical and chemical conditions are also

necessary to better understand the behavior of Cs-

dominant lepidolite in aqueous solutions. Perhaps

most importantly, further work to establish the

radiation stability and long-term durability of Cs-

rich micas are required.

Conclusions

Cesium may be the dominant cation in inter-layer sites

of lepidolite, with Cs2O ranging up to 21–26 wt%.

Characterizations of the Koktokay#3 pegmatite sam-

ples using in situ techniques (micro-XRD and micro-

Raman) revealed that Cs-dominant polylithionite

structurally belongs to minerals of the lepidolite series.

The Cs-dominant analog of polylithionite has been

described (Red Cross Lake pegmatite, Canada, Černý

et al. 2003; Yichun lepidolite–topaz granite, China,

Wang et al. 2004; Haapaluoma and Viitaniemi

pegmatites, Finland, Vı̀zná, Czech Republic, and Å

kerberg, Sweden, P. Černý 2006, personal communi-

cation). The present study confirms the natural occur-

rence of ‘‘cesium lepidolite’’, although the data are not

sufficient for a formal proposal to the International

Mineralogical Association. Thus, nanpingite remains

the only officially recognized mica species with

dominant Cs.

Cs-dominant lepidolite in the Koktokay pegmatite

was formed by replacement of lepidolite by, or by

direct precipitation from, hydrothermal Cs-enriched

fluids. This Cs- rich species has not been altered

suggesting that Cs-rich lepidolite could be used as a

repository of radioactive cesium waste.
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Teertstra DK, Černý P (1992) Controls on morphology of
analcime-pollucite in natural minerals, synthetic phases, and
nuclear waste products. Crystal Res Techn 27:931–939
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