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Abstract: The internal textures of crystals of moderately radiation-damaged monazite–(Ce) from Moss, Norway, 

indicate heavy, secondary chemical alteration. In fact, the cm-sized specimens are no longer mono-mineral 

monazite but rather a composite consisting of monazite–(Ce) and apatite pervaded by several generations of 

fractures filled with sulphides and a phase rich in Th, Y, and Si. This composite is virtually a ‘pseudomorph’ after 

primary euhedral monazite crystals whose faces are still well preserved. The chemical alteration has resulted in 

major reworking and decomposition of the primary crystals, with potentially uncontrolled elemental changes, 

including extensive release of Th from the primary monazite and local redeposition of radionuclides in fracture 

fillings. This seems to question the general alteration-resistance of orthophosphate phases in a low-temperature, 

‘wet’ environment, and hence their suitability as potential host ceramics for the long-term immobilisation of ra-

dioactive waste.
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1. Introduction

The accumulation of structural damage 
generated by the corpuscular self-irra-
diation of minerals containing actinide 
elements has been studied widely in the 
last decades. The bulk radiation damage 
is caused mainly by alpha-decay events: 
Recoil of the heavy daughter nuclei upon 
emission of a 4He core generate nm-sized 
damage clusters, whose overlapping in-
ter-connection at high densities may lead 

eventually to the formation of a non-crys-
talline form.[1,2] Such normally crystalline, 
irradiation-amorphised minerals are com-
monly described by the term ‘metamict’.[3] 
The metamictisation process is controlled 
strongly by the proportion of the rates of 
damage accumulation and damage anneal-
ing; the latter being strongly temperature-
dependent.[4,5] Whether or not a certain 
mineral becomes metamict is consequent-
ly not only controlled by the mineral phase 
itself and the amount of radioactivity it ex-
perienced since the time of its growth, but 
also by its thermal history. 

The metamictisation of minerals re-
sults in dramatic changes of their physi-
cal properties, including volume swell-
ing and potentially subsequent frac-
turing,[6] a general decrease in elastic 
properties and hardness,[7] and a change 
in optical properties[8] (i.e. refraction 
and birefringence). Further, the chemi-
cal resistance of metamictised minerals 
is generally decreased, i.e. such materi-
als show enhanced solubility for instance 
under conditions of near-surface weath-
ering,[9] and enhanced susceptibility to 
secondary loss of radiogenic isotopes.[10] 
Knowledge of the self-irradiation behav-
iour of minerals and their associated prop-
erty changes are hence of enormous rele-
vance for the Earth sciences (e.g. petro-ge-
ochemistry and U–Pb geochronology) and 
the materials sciences (e.g. mineral-based 
matrices for conditioning radionuclides in 
radioactive waste repositories).[11] In view 
of the latter, key problems to be studied 
include i) the susceptibility of materials 

to undergo chemical alteration, and its in-
crease with cumulative radiation damage, 
ii) how exactly chemical alteration proc-
esses take place, and iii) as to which de-
gree these materials (i.e. unaltered and/or 
altered specimens) can resist the release of 
radionuclides. The investigation of chemi-
cally altered, radiation-damaged minerals 
is, therefore, motivated strongly by the 
question, how such materials perform in 
a low-temperature, ‘wet’ geological envi-
ronment over extended periods of time.

2. Material and Methods

2.1 Sample and Preparation
We have investigated monazite crystals 

from a granite pegmatite located at the is-
land of Dillingøya (lake Vannsjø), just east 
of the city of Moss, Østfold district, south-
eastern Norway.[12] The area of origin be-
longs to the Riphean[13] (which, according 
to recent timescales of the International 
Commission of Stratigraphy, corresponds 
to the Meso- to Neoproterozoic). The mon-
azite crystals are 2–2.5 cm large. They are 
medium to dark brownish, of thick-tabular 
habit, and have well-shaped faces with 
slightly rounded edges. 

The monazite crystals were cut through 
the middle, along their longest dimension, 
and polished thin sections (∼30 μm thick-
ness) attached to a glass slide were pre-
pared. These sections were used for optical 
microscopy, electron probe micro-analyser 
(EPMA) investigation, and micro-Raman 
spectroscopy. Sections were coated with 
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carbon prior to EPMA imaging and analy-
sis. For Sensitive High mass-Resolution 
Ion MicroProbe (SHRIMP) analysis, small 
chips of the sample were, together with the 
SHRIMP reference MAD–1, embedded in 
araldite epoxy, and flat polished sample 
mounts were prepared and coated with 
gold. For transmission electron microsco-
py (TEM), electron-transparent foils were 
prepared by conventional hand-polishing 
and Ar ion milling at 5 kV. The TEM foils 
were then coated with carbon.

2.2 Experimental Details
The thin sections were first examined 

and imaged under an optical binocular, in 
plane-polarised and cross-polarised trans-
mitted light. Raman spectra were obtained 
in quasi-backscatter geometry using an 
edge filter-based Renishaw RM1000 sys-
tem equipped with Leica DMLM optical 
microscope (50  objective, numerical ap-
erture 0.75) and Peltier-cooled, Si-based 
charge-coupled device (CCD) detector. 
Spectra were excited with the 632.8 nm 
emission of a He–Ne laser. The laser 
power at the sample surface was ∼8 mW, 
which is well below the threshold for any 
local sample changes due to intense light 
absorption. The system was operated in 
the quasi-confocal mode, resulting in a 
lateral resolution of ~4−5 μm. Band posi-
tions were calibrated using the Rayleigh 
line and neon lamp emission lines. The 
wavenumber accuracy was better than 1 
cm−1, and the spectral resolution was ~3−
4 cm−1.

The chemical composition was deter-
mined by means of wavelength-dispersive 

X-ray spectroscopy (WDS) analysis in a 
JEOL JXA 8900 RL EPMA. The accel-
erating voltage was 15 kV and the beam 
current was 50 nA. The focal spot area 
of the electron beam had a diameter of 
<1 μm. Calibration standards used were 
well-characterized natural and synthetic 
materials, including YAG (Al, Y), wol-
lastonite (Si), monazite (P), Fe

2
O

3
 (Fe), 

CeAl
2
 (Ce), REE silicate glasses (lantha-

nides except Ce), crocoite (Pb), Th metals 
(Th), and UO

2
 (U). The CITZAF routine 

in the JEOL software, which is based on 
the Φ(ρZ) method,[14] was used for data 
processing. The results were corrected for 
rare-earth element (REE) peak overlaps. 
Back-scattered electron (BSE) imaging, 
and high-resolution element mapping, 
were done using a JEOL JXA–8500F ther-
mal field emission-type EPMA. The ele-
ment distribution maps[15] were obtained in 
WDS mode with an acceleration voltage of 
6 kV, a probe current of 40–50 nA, and a 
dwell time of 0.25−0.40 s per step (stage 
step intervals 0.1−0.3 μm).

Transmission electron microscopy 
– including electron diffraction, bright 
field (BF) and dark field (DF) imaging, 
and high-resolution electron microscopy 
(HREM) imaging – was done using a JEOL 
3010 system equipped with LaB6 cathode, 
and a PHILIPS CM200 system equipped 
with EDAX X-ray analyser and GATAN 
imaging filter. The systems were operated 
at a voltage of 300 kV (JEOL) and 200 kV 
(PHILIPS), respectively. 

Analyses of the U−Th−Pb isotopic 
composition were done using a SHRIMP 
II at the Department of Applied Physics, 

Curtin University of Technology, Perth.[16] 
The monazite surface was sputtered with 
a primary, mass-filtered (O

2
)− beam with 

∼1 nA current, focused to a ∼7–10 μm 
spot. The SHRIMP was operated with a 
mass resolution (M/ΔM) better than 5000. 
The sensitivity for Pb isotopes was about 
20 counts per second per ppm, per nA. A 
single analysis consisted of seven scans. 
Data for each spot were collected in sets 
of seven scans through the mass range 
of 202LaPO

2
, 203CePO

2
, 204Pb, background 

near 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 238U, 
248ThO

2
, and 270UO

2
. The total analytical 

time was ca. 16 min per spot. Results were 
calibrated against MAD–1, a 514 Ma old 
reference monazite. The 204Pb method was 
employed for the correction for non-radio-
genic Pb.[17,18]

3. Results and Discussion

3.1 Alteration Textures and 
Chemical Composition

Transmitted light and BSE images re-
veal that the monazite crystals have a re-
markably heterogeneous internal texture 
(Fig. 1). In contrast to the macroscopic ap-
pearance of a single-crystal, the material 
consists of several phases. The specimens 
are apparent ‘pseudomorphs’ after prima-
ry monazite crystals whose macroscopic 
crystal shapes are still well-preserved (Fig. 
1a), even though they are actually a very 
heterogeneous composite of phases. The 
dominant monazite (transparent with pale 
brownish colour, medium BSE intensity) is 
inter-grown closely with patches of apatite 

Fig. 1. (a) Photomicrograph of one of the monazite–(Ce) samples (30 μm thin section, transmitted plane-polarised light), revealing its secondary, 

multi-phase texture. The material is virtually a ‘pseudomorph’ of a multi-phase composite after a monazite crystal. Note the myriad of fractures 

emanating from ‘nests’ consisting of a Th- and Fe-rich material (dark reddish-brown). (b) BSE image, showing one of the ‘nests’ (centre, bright) 

that is surrounded by Ca apatite (black; the monazite appears medium gray). (c) Photomicrograph (transmitted cross-polarised light) of the patchy 

intergrowth of monazite–(Ce) (green interference colour) with apatite (grey interference colour). 
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(colourless, low BSE intensity; Fig. 1a), 
and a few scattered ‘nest’-like patches of 
a heterogeneous, Th- and Fe-rich material 
(predominantly hematite; reddish brown, 
high BSE intensity; Fig. 1b). The phos-
phate–iron oxide assemblage is pervaded 
by a network of numerous cracks and frac-
tures up to several tens of μm in thickness, 
with heterogeneous fracture fillings. The 
fractures have mostly random orienta-
tion but may show a radial pattern around 
the ‘nests’, pointing to volume expansion 
of the Th- and Fe-rich material. In some 
cases, crystals show a narrow apatite rim 
(Fig. 1a).

In cross-polarised light, the monazite 
shows high 2nd order to low 3rd order 
interference colours (Fig. 1c), which cor-
responds to birefringence in the range 
0.028–0.045. The notable but still mod-
erate birefringence depletion, compared 
to well-crystallised monazite, suggests 

moderate levels of accumulated radiation 
damage. The extinction behaviour of the 
monazite is uniform over large area ranges 
on the order of millimetres; the same is true 
for the apatite (cf. Fig. 1c). This suggests 
an oriented (i.e. topotaxial) inter-growth of 
the two phosphate phases. 

The mineral phases were identified 
from their patterns of Raman-active bands. 
As expected, the vibrational bands of the 
monazite Raman spectrum correspond to 
monoclinic REE[PO

4
] (cf. Fig. 2); however, 

they show general but still moderate broad-
ening. For instance, the ν

1
(PO

4
) band near 

974 cm–1 has a full width at half maximum 
(FWHM) of ∼13–14 cm–1, which indicates 
a mildly to moderately radiation-damaged 
structure.[19] Further mineral phases identi-
fied from Raman spectra include fluorapa-
tite [Ca

5
(PO

4
)

3
F], hematite (Fe

2
O

3
), pyrite 

(FeS
2
), galena (PbS), xenotime (YPO

4
), 

and huttonite (ThSiO
4
). 

The main monazite phase shows a 
relatively heterogeneous composition (cf. 
ranges quoted in Table 1; cf. also BSE im-
age and Fe and Th maps in Fig. 3). The 
average composition corresponds to the 
formula (REE

0.88
 Th

0.05
 Ca

0.05
 Fe

0.01
) (P

0.97
 

Si
0.04

) O
4
 (with REE

0.88
 = Ce

0.37
 Nd

0.18
 La

0.13
 

Sm
0.09

 Pr
0.05

 Gd
0.04

 Y
0.01

 Dy
0.01

). Due to the 
dominance of Ce at the medium-sized cat-
ion position, this mineral is to be called 
monazite–(Ce). The apatite is relatively 
homogeneous, pure Ca-phosphate with-
out any non-formula elements in the wt% 
range. In contrast, the fillings of fractures 

Fig. 2. Raman spectrum of the monazite–(Ce) 

compared to that of synthetic CePO
4
.

Table 1. Chemical composition of the monazite–
(Ce). All values are quoted in wt%.

Oxide Mean Range

Al
2
O

3
0.0 0.0–0.2

SiO2 1.0 0.7–1.5

P
2
O

5
28.8 28.2–29.4

CaO 1.1 0.8–1.7

FeO 0.2 0.0–1.2

Y
2
O

3
0.7 0.5–1.0

La
2
O

3
8.7 7.6–9.4

Ce
2
O

3
25.3 22.4–27.3

Pr
2
O

3
3.4 2.9–3.8

Nd
2
O

3
12.7 11.2–13.8

Sm
2
O

3
6.9 6.3–7.4

Gd
2
O

3
3.2 2.8–3.4

Dy
2
O

3
0.5 0.2–0.6

Ho
2
O

3
0.0 0.0–0.1

PbO 0.4 0.2–1.1

ThO2 6.1 3.7–10.8

UO
2

0.1 0.0–0.3

Σ 99.1 98.3–100.4

Fig. 3. BSE image, and series of five colour-coded EPMA element distribution maps (6 kV; 4 × 10–8 A; dwell time 0.4 s; step width 0.3 μm) obtained 

from the same area. In the BSE image, large areas of monazite–(Ce) (Mnz) and apatite (Ap) appear medium gray and nearly black, respectively. 

These two phosphate phases are inter-grown with veins consisting of Fe sulphide (Fe-S; dark grey), Pb-sulphide (Pb-S; nearly white), and Th-silicate 

(Th-Si; medium grey). Colour-coded EPMA intensity ranges (given in counts) are 8–339 (Ca), 1–16 (Ce), 12–516 (P), 63–1919 (Fe), 4–142 (Th).
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pervading the two bulk phosphates are 
most heterogeneous in composition (Fig. 
3). Apparently there are several ‘genera-
tions’ of veinlets. The central fillings are 
dominated typically by Fe-sulphide (i.e. 
pyrite) whereas towards the rims of frac-
tures there is Pb-sulphide (i.e. galena; 
bright BSE) associated with a Th-rich 
phase (cf. Fe and Th distribution maps in 
Fig. 3). 

The distribution patterns of several 
elements discussed are shown at higher 
resolution in Fig. 4. In fractures there are 
large pyrite (red in the Fe and S maps) and 
galena grains (red in the Pb and pale blue 
in the S map). The Th-rich phase, which 
seems to be the youngest, may occupy 
much smaller fractures. Phosphorous 
and the REEs are depleted appreciably in 
these Th-rich veinlets, compared to the 
bulk monazite–(Ce) (Fig. 3). Apart from 
a clear enrichment in Th (which may ex-
ceed 50 wt% in single spots) and Si, there 
is also an enrichment in Fe, Y, and U. 
However, element ratios are non-uniform 
(note the clear differences between the 
Th map on the one hand and the U and Y 
maps on the other hand in Fig. 4). Obvi-
ously the Th-rich veinlets do not represent 
one mineral phase but consist of a hetero-
geneous assemblage of several phases 
with different compositions. 

3.2 Transmission Electron 
Microscopy

Dark-field images of the monazite 
show mottled contrast (Fig. 5a), which is 
assigned to a mosaic-like domain texture 
(i.e. volume regions with slightly varying 
orientation) resulting from self-irradiation 
damage.[19,20] The degree of misorienta-
tion and the volume fraction of distorted 
regions in our sample are not extensive, be-
cause sharp maxima were observed in the 
electron diffraction patterns (Fig. 5b). The 
domain texture is also recognised in high-
resolution lattice-fringe images (Figs. 
5c–d) showing well-ordered, periodic lat-
tice regions up to a few tens of nanome-
tres in size, bracketed by slightly confused 
boundary regions. These observations sug-
gest that the monazite represents a moder-
ate degree of accumulated self-irradiation 
damage,[21] which also corresponds well 
with the still high interference colours 
(Fig. 1c) and the moderate broadening of 
Raman bands (Fig. 2).

Fig. 4. BSE image showing a close-up of veins 

cross-cutting the two bulk phosphates, and 

corresponding series of eight colour-coded 

element distribution maps (6 kV; 5 × 10–8 A; 

dwell time 0.4 s; step width 0.1 μm). Colour-

coded EPMA intensity ranges (given in counts) 

are 10–465 (P), 3–199 (Si), 5–168 (Th), 2–59 (U), 

15–243 (Y), 13–592 (Pb), 83–1758 (Fe), 16–542 

(S).

Fig. 5. TEM results for the bulk monazite. (a) Dark field image (diffracting vector g = 311) showing 

mottled contrast. (b) Electron diffraction pattern obtained along [01
_
1]. (c) HREM lattice fringe 

image (viewed along [010]). (d) Fourier-filtered version of the same image. Note the absence of 

aperiodic regions. 
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The Th-rich phase, occurring as outer 
fracture filling in the veinlets (cf. BSE im-
age and Th map in Fig. 3), shows a more 
diverse appearance in the TEM. Electron 
diffraction patterns obtained from sample 
volumes of more than a few nanometres 
in size are characterized by coarse rings 
of broadened diffraction maxima, which 
are overlaid by an always notable, dif-
fuse ‘amorphous ring’ (Fig. 6a). This sug-
gests that the Th-rich material is partially 
amorphous and partially crystalline, hence 
probably containing several phases. The 
crystalline volume fraction must be poly-
crystalline, consisting of a multitude of 
tiny crystals (or better, ordered volume re-
gions) with slightly different orientations. 
The rotation of the crystalline volume re-
gions can be observed in high-resolution 
lattice-fringe images (Fig. 6b); this phe-
nomenon is due to local strain as induced 
by the amorphisation.[2] 

In high-resolution electron-diffraction 
patterns of the Th-rich material, gener-
ated through fast Fourier-transformation 
(FFT) of HREM images, diffraction 
maxima show in some cases clear broad-
ening (for instance, cf. inset in Fig. 6b). 
The d-spacings calculated from FFT 
electron-diffraction patterns point to a 
decidedly heterogeneous material. A set 
of d-values of ∼0.47 and ∼0.36 nm may 
be assigned to the (101) and (200) of 
zircon-structured ThSiO

4
 (i.e. thorite), 

whereas ∼0.42, ∼0.33, ∼0.31, and ∼0.29 
nm correspond to the (1

_
11), (200), (120), 

and (012) of monazite-structured ThSiO
4
 

(i.e. huttonite). A set of d-values of ∼0.33 
and ∼0.28 nm may perhaps even indicate 
the additional presence of cubic ThO

2
 

(i.e. thoriantite), as they correspond rea-
sonably well with the (111) and (200) of 
this mineral; there is, however, some po-

tential overlap with huttonite (cf. above). 
These observations suggest a moderate to 
high level of accumulated radiation dam-
age in the Th-silicate veinlets, which has, 
however, remained well below the level 
of complete amorphisation. The notably 
heterogeneous phase composition of the 
Th-rich veinlets seems to agree well with 
their chemical heterogeneity discussed 
above and may point to a non-homogene-
ous (i.e. multi-step) formation process of 
the veinlet material.

An interesting observation was made 
for the Ca apatite. The bulk of this phase 
is in the crystalline state, without mott-
led contrast in BF images or any other 
indication of low levels of radiation dam-
age. The situation is different, however, in 
the case of apatite that is located in close 
proximity to Th-rich veinlets (i.e. up to 
∼150 nm away from the veinlet–apatite 
boundary). Toward the Th-rich veinlets, 
the apatite is increasingly damaged, up 
to complete amorphisation (Fig. 6c). The 
damaged/amorphised zone is interpreted 
as alpha-recoil halo,[22,23] i.e. the damage 
in the apatite was generated mainly by 
recoils of heavy nuclei originating from 
the high Th content in the neighbouring 
veinlet material.

3.3 Geo-Chronological 
Considerations

An attempt was made to determine the 
age of the monazite–(Ce) formation and/
or the time of its alteration using SHRIMP 
U–Th–Pb measurements. However, the 
material turned out to be virtually ‘un-
datable’: Even though all measurements 
were placed carefully in apparently crack-
free material, the isotope ratios obtained 
show extensive scatter and are tainted with 
huge uncertainties, resulting in calculated 

207Pb/206Pb ages for single measurements 
with 2σ errors as high as several hundred 
Ma (average 1027±221 Ma; Table 2). This 
may first be due to the hypothetical pres-
ence of scattered, sub-micrometre sized 
Pb-rich domains in radiation-damaged 
monazite.[24] Most importantly, our mona-
zite–(Ce) sample contains varying but gen-
erally very high concentrations of common 
Pb (cf. f 206 values in Table 2), resulting in 
very large 204Pb corrections to the isotopic 
ratios and hence increased uncertainties. In 
addition to the introduction of common Pb, 
the U–Th–Pb isotopic system also seems 
to be affected by secondary loss of the ra-
diogenic Pb. This is indicated by signifi-
cantly discordant isotope ratios (Table 2).

Following the method of Montel et 
al.,[25] we attempted also to calculate mon-
azite U–Th–Pb ages from EPMA results. 
Measurements in carefully selected, appar-
ently unaltered areas of the monazite–(Ce) 
yielded an average ‘age’ of 788±34 Ma 
(2σ). 

Both of the above two age values are 
uncertain, and none of them is consid-
ered to be a realistic age, because of the 
isotopic ratios being biased notably by 
the disturbance of the U–Th–Pb system 
(in particular Pb loss and Pb gain) during 
the alteration. The high fraction of com-
mon Pb indicates that significant amounts 
of Pb were incorporated during the altera-
tion. This conclusion agrees very well with 
elevated concentrations of Pb (partly oc-
curring as PbS) in the secondary fracture 
fillings (cf. Pb and S maps in Fig. 4), which 
has been observed similarly by Poitrasson 
et al.[26] Even in view of the uncertainties, 
the U–Th–Pb elemental and isotopic ratios 
obtained point to a Proterozoic (i.e. Meso- 
to Neoproterozoic) age. It could either be 
assigned to the primary pegmatitic growth 

Fig. 6. TEM results (continued). (a) Electron diffraction pattern of a Th-rich veinlet, indicating the polycrystalline nature of the material. (b) HREM 

image of the Th-silicate phase. Two of the nanometre-sized ‘crystalline islands’ having different orientation are marked with white circles. The 

corresponding FFT electron-diffraction pattern (inset) shows strongly broadened maxima. (c) Bright-field image of the apatite in close proximity to a 

Th-silicate vein (located on the left, just outside the image area). The positions of the four insets correspond roughly to the locations where the FFT 

electron-diffraction patterns were obtained. Note the gradual loss of apatite crystallinity toward the Th-silicate.
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of the monazite–(Ce) [this interpretation 
is supported by the monazite’s chemical 
composition (relatively high concentra-
tions of intermediate REEs) and EPMA 
totals of close to 100 wt% (Table 1)[27]] or 
be interpreted as a metasomatic overprint 
age (supported by the high common Pb).

Assuming a ∼1000 myr damage ac-
cumulation period for the host monazite–
(Ce), and based on its Th and U concentra-
tions (Table 1), an average time-integrated 
alpha fluence[5,28] of ∼4.5 × 1019 g–1 is 
calculated. Even in view of the strong un-
certainty of the age that was used to cal-
culate this fluence, the value calculated 
surpasses appreciably the alpha dose of <1 
× 1019 α/g–1 that is needed for the complete 
amorphisation of solids.[2] Consequently, if 
all of the alpha-event damage experienced 
over a ∼1000 myr time period was stored, 
our sample should be amorphous. By con-
trast, the bulk monazite–(Ce) is found to 
be only mildly to moderately radiation-
damaged, hence obviously representing 
a comparably low degree of damage ac-
cumulation. This observation indicates 
extensive thermal annealing experienced 
by the Moss monazite (which in turn is 
completely consistent with the general ob-
servation that natural monazite, which un-
dergoes thermal annealing at comparably 
low temperatures, virtually never becomes 
fully metamict[19,24]).

4. Concluding Remarks

The partial replacement of mona-
zite by secondary apatite is commonly 
observed,[29] however, the opposite situ-
ation, i.e. secondary monazite occur-
ring within apatite, is also a well-known 
phenomenon.[30,31] A rather special case 
was reported by Seydoux-Guillaume et 

al.[32] and Hetherington and Harlov[33] 
who found Th-rich monazite to have de-
composed into Th-poor monazite and 
Th-silicate, without the presence of any 
apatite, however with alteration textures 
largely similar to those observed in this 
present study. It has been observed more 
often that a secondary Th–Si phase (or, 
more correctly, a heterogeneous phase 
assemblage rich in Th and Si) is formed 
upon decomposition of monazite to form 
apatite.[25,34,35] In such cases, the second-
ary apatite occurs mostly as microscopic, 
fine-grained overgrowth rim or interspace 
filling, with the Th-rich phase being locat-
ed in close proximity. Our sample seems 
to be analogous, however, with an unusu-
ally high degree of phase separation: The 
apatite is crystallographically homoge-
neous on a comparably large scale (Fig. 
1c), indicating a close topotactic relation-
ship[30,36] with monazite, and it occurs 
relatively well separated from the Th–Si 
phase, which is located in fractures. The 
occurrence of a significant volume frac-
tion of apatite within the monazite–(Ce) 
suggests that the alteration fluid was rich 
in F. 

As early as one century ago, it has been 
discussed that a notable portion of the radi-
oactivity in monazite from Moss, Norway, 
may arise from included Th- silicate.[37] 
However, it was also found that the excess 
Th cannot, at least not solely, be present 
in the form of ThSiO

4
, because of vari-

able, and mostly too low, Si/Th ratios.[38] 
Our observations support the presence of 
a heterogeneous secondary phase rich in 
Th and Si, and characterise the ‘monazite 
crystals’ from Moss as poly-phase ‘pseu-
domorphs’ with a complex chemical and 
thermal post-growth alteration history. 
In view of sharp boundaries and the ex-
tremely low volume diffusion of Th in 

monazite,[39] the alteration is assigned to 
a fluid-driven dissolution and ‘pseudo-
morphisation’ process[40] which released 
the Th into the alteration fluid. This was 
followed by re-deposition in the form of 
Th-rich phases (however, these phases 
grew obviously only after the formation 
of Fe- and Pb-sulphides in the fractures). 
The clear textural separation of Th-free 
Ca-apatite and Th-rich fracture fillings 
observed may indicate a multi-step al-
teration involving secondary Th deple-
tion and tertiary Th enrichment (the latter 
being connected with the incorporation of 
common Pb).

Our observations reconfirm that un-
der conditions of fluid-driven alteration 
and/or low-grade metamorphism, mona-
zite may undergo very complex chemi-
cal alteration. The susceptibility to such 
alteration (and hence the probability for 
the release of radionuclides) does not only 
depend on the alteration fluid[25] but may 
be enhanced potentially by the accumu-
lation of self-irradiation damage. It has 
been discussed by Read et al.[35] that this 
may have important implications for the 
chemically similar Pu4+, questioning the 
suitability of monazite-structured ortho-
phosphates as ceramics for the long-term 
immobilisation of radionuclides under the 
potentially ‘wet’, low-temperature condi-
tions of waste repositories.
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Table 2. SHRIMP data for the monazite–(Ce) from Moss, Norway. All errors represent 2σ uncertainties

(a) Measured isotope ratios (not corrected for common Pb):

Spot 204Pb/206Pb 207Pb/206Pb 208Pb/206Pb 206Pb/238U 207Pb/235U 

1 0.00691±0.00080 0.172±0.004 106.0±1.1 0.175±0.053 4.17±1.28

2 0.00429±0.00031 0.125±0.001 71.3±0.4 0.0827±0.0013 1.419±0.029

3 0.0176±0.0007 0.328±0.006 44.6±0.6 1.076±0.034 48.7±1.9

4 0.00250±0.00017 0.114±0.001 23.9±0.1 0.192±0.003 3.00±0.05

(b) Data corrected for common Pb (204Pb method):

Spot f 206a

[%]

206Pb/238U 206Pb/236U age 

[Ma]

207Pb/235U 207Pb/235U age

[Ma]

207Pb/206Pb 207Pb/206Pb age

[Ma]

Disc.b

[%]

1 11.0 0.156±0.047 934±262 1.61±0.61 973±243 0.075±0.015 1065±404 12

2 6.8 0.0770±0.0012 478±7 0.667±0.059 519±36 0.0629±0.0053 704±180 32

3 28.2 0.773±0.027 3691±99 8.48±1.95 2282±212 0.080±0.018 1187±453 –211

4 4.0 0.184±0.003 1088±14 1.98±0.09 1108±29 0.0782±0.0030 1151±77 5

af 206 = common 206Pb / total 206Pb, from the observed 204Pb 
bU–Pb discordance; ratio of the 204Pb-corrected 206Pb/238U and 207Pb/206Pb ages
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