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Abstract. In this contribution, monazite (LREEPO,) solubility is addressed in a chemical system involving
REE-bearing hydroxylapatite, (Ca,LREE);((PO,4,Si0O4)s(OH),. For this purpose, a synthetic (La)- and (OH)-analogous
of britholite, CayLay(SiO,4)q(OH),, was synthesised and its thermodynamic properties were measured. Formation
enthalpy of —14,618.4 £ 31.0 kJ-mol-! was obtained by high-temperature drop-solution calorimetry using a Tian-calvet
twin calorimeter (Bochum, Germany) at 975 K using lead borate as solvent. Heat capacities (Cp) were measured in the
143-323 K and 341-623 K ranges with an automated Perkin-Elmer DSC 7. For calculations of solubility diagrams at
298 K, the GEMS program was used because it takes into account solid solutions. In conditions representative of those
expected in nuclear waste disposal, calculations show that La-monazite is stable from pH = 4 to 9 with a minimum of
solubility at pH = 7. La-bearing hydroxylapatite precipitates at pH > 7 with a nearly constant composition of 99%
hydroxylapatite and 1% La-britholite. Each mineral buffers solution at extremely low lanthanum concentrations
(log{La} = 10-19-10-15 mol-kg~! for pH = 4 to 13). In terms of chemical durability, both La-monazite and La-rich
apatite present low solubility, a requisite property for nuclear-waste forms.
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1. Introduction

Its ubiquity, high chemical durability and resistance to metamictisation confer to monazite
qualities of a robust U-Th-Pb chronometer (e.g. Spear, Pyle 2002) as well as a potential
candidate as nuclear waste form (Boatner 1988; Ewing, Wang 2002). In order to predict its
long term behavior, thermodynamic properties of monazite have been recently (re)-examined.
Experimental solubility product data have been obtained for synthetic end-members of mo-
nazite-(La), -(Nd) and -(Sm) (Rai et al. 2003; Poitrasson et al. 2004; Cetiner et al. 2005).
Formation enthalpies and entropies have been measured by high temperature drop-solution
(Ushakov et al. 2001; Ushakov et al. 2004) and low-temperature adiabatic calorimetry (Thiriet
et al. 2005), respectively. Heat capacities of monazite have been measured in the temperature
range of 450 to 1570 K by drop calorimetry (Popa et al. 2006; Popa et al. 2007). A thermo-
chemical study compiling measured formation enthalpy, entropy and heat capacity was also
given for synthetic monazite-(La) (Janots et al. 2007). With those thermochemical properties,
solubility of monazite end-members and corresponding REE speciation can be nowadays
calculated for different conditions of temperature (T), pressure (P), pH and aqueous speciation.
At monazite equilibrium, REE concentrations can also be estimated, but predicted concen-
trations could be limited by a potential control of a less soluble phase than monazite. In such
case, less soluble phases may replace monazite. Of particular interest is hydroxylapatite because
it is the major phosphate repository, it can incorporate LREE under sedimentary and diagenetic
conditions (e.g. Lev et al. 1998) and it is also proposed as nuclear waste form (Weber 1981;
Carpena, Lacout 1997). Furthermore, replacement of monazite by REE-rich apatite at very
high metamorphic conditions has already been described in granulites. Amongst the available
thermodynamic properties of REE-bearing apatite, formation enthalpies of oxyapatite (Risbud
et al. 2001; Ardhaoui et al. 2006b) and fluorobritholite (Ardhaoui et al. 2006a) have already
been measured.

In the present study, thermochemical data have been measured and calculations attempted to
investigate the conditions under which REE-bearing apatite is less soluble than monazite and
controlled the REE concentrations in solution. For this purpose, calorimetric data have been
collected on a synthetic (La)- and (OH)- equivalent of britholite, CasLag(SiO4)g(OH),, which
forms a solid solution with the apatite, Ca;¢(POg4)s(OH,F), (Ito 1968). Formation enthalpy and
heat capacity (Cp) function have been derived from high-temperature solution calorimetry
and differential scanning calorimetry, respectively. Solubility diagrams were calculated for
geochemical conditions representative of high level deposit in clay.

2. Methods

Britholite equivalent, CasLag(Si04)6(OH),, has been synthesised from stoichiometric tetra-
ethylorthosilicate-based gels that were calcinated at 1073 K (ambient pressure). Resulting gels
have been held at 873 K and 150 MPa for 30 days in a cold-seal vessel. Product was characterised
by X Ray diffraction, with a Siemens D5000 diffractometer (Kiel University, Germany). All
peaks in the diffraction pattern can be attributed to the britholite structure (Fig. 1). Lattice
parameters were obtained by rietveld refinement with a symmetry respecting the P63/m space
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Fig. 1. XRD diffraction pattern of synthetic La-hydroxybritholite

(Oberti et al. 2001). Data retrieved for the synthetic CagLag(SiO4)(OH), (Table 1) compares
well with the unit cell parameters of the britholite-(Ce) obtained by Noe et al. (1993). As
expected from ionic radius of La and Y, CagLag(Si04)6(OH), shows a larger volume than the
britholite-(Y). Homogeneity, composition and grain size of the synthetic products were analysed
using scanning electron microscopy (Hitachi S-2500 with EDS detector), Raman microspectro-
scopy (Renishaw spectrometer, A = 532 nm, ENS-Paris, France) and electron microprobe
analysis (SX-50, Jussieu, France).

Formation enthalpies were derived from high-temperature drop-solution calorimetry
(Navrotsky 1997) in the Tian-Calvet twin calorimeter described by (Kahl, Maresch 2001)
and located at the Institut for Geology, Mineralogy and Geophysics (Ruhr University, Bochum,
Germany). Sample pellets of 5 to 8 mg are dropped from room temperature (290-293 K) into
a lead-borate solvent (2PbO - B,03) held at the calorimeter temperature (975 K). Measurements
are performed under dynamic conditions (Navrotsky et al. 1994), i.e. under an argon stream
(flow rate of 1.5 cm3s1), because volatile-bearing phases are investigated (e.g. carbonates and
hydroxides). Before each set of measurements (typically, five measurements on both calorimeter
sides), platinum scraps (30 mg) are dropped into the solvent in order to determine the calorimeter
calibration factor. Because samples are equilibrated, before being dropped, at a temperature
between 290 and 293 K instead of 298.15 K (reference temperature), measured drop-solution
enthalpy values (AHgs) are corrected using the Cp function of the sample. These Cp are either
taken from literature (CaCOs3, SiO, and CaSiO3 in Robie and Hemingway 1995) in or were
measured by DSC (britholite, LaOH3). In order to achieve the reaction cycles required to retrieve

TABLE1
Lattice parameters of synthetic CayLag(Si0,4)4(OH),, natural britholite-(Ce) and britholite-(Y)
Phase a b c Y V(A3)
CayLag(Si04)4(OH), 9.67 9.66 7.12 120.02 575.8 (6)
Britholite-(Ce) 9.63 7.03 564.60
Britholite-(Y) 9.43 6.81 524.45
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formation enthalpy data, additional sample powders were used for drop-solution measure-
ments: CaCO3 (Aesar, 99.99%). Gem-quality specimens (from the mineral collection of the
Ruhr-University, Bochum, Germany) of Brazilian quartz (99.9% purity) and wollastonite,
Cay 983 .00513.00-3.0303, from Kropfmuhl (Germany) were used.

Heat capacities were measured in the 143-323 K and 341-623 K ranges with an automated
Perkin-Elmer DSC 7 (Institute of Geosciences, Kiel University, Germany). Temperature cali-
bration, purge gas and other technical details are found in Bosenick et al. (1996) and Bertoldi
et al. (2001) for the measurements in the high-temperature and low-temperature regions,
respectively. Measurements are performed on 20 mg of sample placed in a gold pan (6 mm
diameter) and covered with a thin gold lid. A heat-capacity datum is obtained by measuring
alternatively, a blank (empty pan), a standard for calibration (pan loaded with corundum) and the
sample of interest (pan with sample). Heat capacities were collected in step-scanning mode as
described in Bosenick et al. (1996), with a heating rate of 10 K-min~!. The Cp-calibration factor
is obtained from synthetic corundum measurements, using the Cp-function by Ditmars and
Douglas (1971). Correction for Au-pan weight differences is calculated using the gold Cp
polynomial by Robie et al. (1979).

3. Thermochemical data

Drop-solution enthalpies (AHys) for britholite and its reactant phases were measured in
lead borate solvent at 975 K (Table 2). The reaction cycle used to derive britholite formation
enthalpy AHf59g is given as an example in Table 3. Volatile components (H,O and CO,) are
assumed to be totally released by the lead borate melt (Navrotsky et al. 1994) and flushed by the
argon stream (i.e. under dynamic conditions). The dissolution enthalpy of CaCOj (Table 2)
is consistent with published data obtained under dynamic conditions (Navrotsky et al. 1994;

TABLE 2
Corrected drop-solution enthalpies (AH,) from this study compared to data from literature
Sample AH 4 measured (kJ-mol-1) AHyq lierature (kJ-mol-1)
Britholite OH, Ca,Lag(Si04)¢(OH), 1024.0 £ 16.4 (12)
La(OH), 170.1 £3.8 (11)
- 191.1£1.1(7)@;194.1£0.9 ®;
Calcite, CaCO 9+0.
3 190.9+08 (17) 193.4£0.7 (10)©; 189.6 £ 1.1 (9)
p 38.8+0.8(9)@;384+£0.80);
uartz, SiO 38.8+1.1(8
Q 2 ®) 39.1 £0.3 (9) ©;40.0 0.2 (6) ©
Wollastonite, CaSiO; 105.8 £3.1(8) 105.4+0.7 (8) ©

AHg; from (a) Kahl, Maresch (2001) (b) Grevel et al. (2001) (c) Kisevela et al. (1996) (d) Navrotsky (1994) (e)
Chai, Navrotsky (1993).

Numbers in parentheses are the number of measurements of drop-solution values.

Reported uncertainties are two standard deviation of the mean.
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TABLE 3

Thermochemical cycle used to derive the standard enthalpy of formation from the elements AHy ¢ (293,
of britholite, CayLag(SiO4)s(OH),

Reaction AH (kJ-mol-T)
CayLay(Si04)3(OH) (205, — CayLas(Si04)3(OH) (g75) (1) AHg, 1024.0 £ 16.4
CayLag(Si04)6(OH),
CO; (298) = CO; (975) (2) AHj3989751CO, 322
CaCOs (295 = CaCO5 (975, (3) AHy, CaCO;, 190.9 0.8
La(OH); (305, — La(OH)5 (975, (4) AHy, La(OH), 170.1 £3.8
810, (205) = Si05 (975, (5) AH, SiO, 388+ 1.1
H,0 298) > Hy0975) (6) AHjp98 975H,0 25.1
4CaCO; (298) t 6La(OH); o)t 6Si0, (298) > (7) AR
— CayLag(SiO,)(OH +4CO + 8H,0 0x, 298
4Lag(Si04)6(OH); (298) 2 (298) 200298) CayLag(SiO,)(OH),
AH(7) = —2AH(1) - 4AH(2) — 8AH(6) + 4AH(3) + 6AH(4) + 6AH(5)
C (208) T %Oz (298) > CO, (298) (8) AH’;CO,® -393.5+0.1
Ca (a05)+ C (298 * 205 (205) = CaCOs3 (205, (9) AH’; CaCO4® 112074+ 1.3
La (398)+ 305 (208) T 2H (298) = La(OH)3 (205 (10) AH';La(OH);(®) —1416.1 £ 1.0
Si (208 + O3 (208) = Si0; (208, (11) AH®;Si0, @ 910.7+ 1.0
Hy 298 * 205 (208) = 2005, (12) AH*;H,0 @ 241.8+0.0
4Ca (398 + 6La (298 + 6Si (298 + Hy (298) T 1303 (208) =
— CayLag(8i04)6(OH), (295 (13) AH; 146184 +31.0
AH(13) = AH(7) — 4AH(8) — 8 AH(12) + 4AH(9) + CayLag(SiO4)6(OH), T
+ 6AH(10) + 6AH(11)

Data from (a) Robie et al. (1995) (b) Diakonov et al. (1998).

Kahl, Maresch 2001). The reaction cycle presented for britholite (Table 3) involves CaCOj3
and yields a formation enthalpy of —14,618.4 + 31.0 kJ-mol~!. A second cycle built up with
CaSiOj; instead of CaCO3 yields AH®f 598 =—14,626.2 £32.2 kJ-mol~! for britholite. The close
agreement between the formation enthalpy derived from these two reaction cycles validates the
assumption of CO, degassing from the solvent. For the thermochemical calculations, we used
arbitrarily data derived from cycle with calcite. In comparison to data published for REE-bearing
apatite, the value determined in this study compares with formation enthalpy of La-oxyapatite
Lag 33(Si04)0 (~14,611 kJ-mol~1) obtained by drop solution calorimetry in lead borate solvent
(Risbud et al. 2001). Astonishingly, our value is comprised between those of the Nd-fluo-
robritholite, CazNdg(SiO4)6F2, (12,162 kJ-mol~!) and the La-oxyapatite, CagLag(SiO4)60,
(16,904 kJ-mol!) both measured by microcalorimetry in acid solutions (Ardhaoui et al.
2006a, 2006b).

Heat-capacity data for britholite could not be measured above 623 K due to decomposition
(dehydration) in the vicinity of that temperature. Mean Cp values from three to five DSC
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Cp data of La-hydroxybritholite CayLag(SiO4)s(OH), obtained by DSC

TABLE 4

T [K] C, 2c T [K] C, 26
143.15 477 26 321.15 875 61
146.15 485 25 343.15 851 21
149.15 495 25 348.15 860 22
152.15 501 29 353.15 868 21
155.15 505 31 358.15 874 21
158.15 513 27 363.15 879 20
161.15 521 28 368.15 883 19
164.15 526 30 373.15 886 19
167.15 535 26 378.15 889 19
170.15 544 27 383.15 893 19
173.15 549 29 388.15 896 18
176.15 556 24 393.15 900 18
179.15 569 23 398.15 904 17
182.15 575 25 403.15 909 16
185.15 581 21 408.15 913 15
188.15 593 20 413.15 919 14
191.15 601 21 418.15 926 14
194.15 607 20 423.15 933 17
197.15 620 17 443.15 916 17
200.15 629 20 448.15 918 18
203.15 636 19 453.15 922 18
206.15 648 16 458.15 924 19
209.15 658 21 463.15 928 19
212.15 668 21 468.15 930 20
215.15 677 20 473.15 935 20
218.15 688 23 478.15 939 20
221.15 697 26 483.15 942 19
243.15 747 33 488.15 947 19
246.15 750 32 493.15 953 18
249.15 755 30 498.15 958 18
252.15 761 33 503.15 964 16
255.15 767 33 508.15 971 16
258.15 775 33 513.15 977 14
261.15 786 32 518.15 985 13
264.15 801 32 523.15 992 15
267.15 796 30 543.15 975 20
270.15 783 33 548.15 978 21
273.15 786 34 553.15 980 18
276.15 793 33 558.15 982 19
279.15 800 34 563.15 988 21
282.15 804 37 568.15 989 17
285.15 807 36 573.15 993 16
288.15 811 39 578.15 997 15
291.15 815 42 583.15 1002 14
294.15 825 40 588.15 1 006 13
297.15 832 42 593.15 1011 10
300.15 833 44 598.15 1016 9
303.15 841 45 603.15 1021 8
306.15 848 51 608.15 1026 7
309.15 847 53 613.15 1032 8
312.15 859 53 618.15 1038 9
315.15 863 55 623.15 1 044 12
318.15 863 57
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temperature scans, are listed with their two standard deviation of the mean in Table 4. The
precision for low-temperature and superambient DSC data is around 2—7% and 1-3%, respe-
ctively (Fig. 2). Heat capacities measured with DSC shows difference below 5% with those
derived from an oxide summation method (Berman, Brown 1985). The heat-capacity function of
britholite measured by DSC was fitted to the Cp-polynomial proposed by Maier and Kelley
(1932) in order to be input in the database related to the Gibbs Energy Minimization Selektor
program (GEMS, developed at the PSI, Villigen, Switzerland).

1200
1000
T
o .
g 800
-
X
2
o 600+
O
400
o Cp measured
= Maier & Kelley's fit
200 . . T T T T
0 100 200 300 400 500 600

Temperature (K)

Fig. 2. DSC data obtained on britholite-(La) fit to Berman and Brown’s polynomial (1985)

Since low-temperature Cp data have not been measured for britholite, its entropy was
approximated with the oxide summation method proposed by Holland (1989). This summation
method includes a molar volume correction (S—V) to the entropy and can predict entropy
within a few percents when the coordination of the oxide components is taken into account.
In order to derive britholite entropy, (S—V) values are taken from Holland (1989), apart from
(S-V) LayO3 which was estimated in Janots et al. (2007). Taking a britholite molar volume of
351.2 cm3mol~!, the predicted entropy of britholite is found to be equal to 868.6 J-mol-1 K1

4. Thermochemical calculations — discussion

The strategy developed here has been to compare monazite solubility in multicomponent
chemical systems with or without considering the britholite-apatite solid solution.

Solubility diagrams were calculated with the GEMS code to compare the respective chemical
solubility of monazite and apatite-britholite solid solutions under conditions of high-level
waste storage. The GEMS program computes equilibrium phase assemblage and speciation in
a complex chemical system from its total bulk composition by Gibbs free energy minimisation.
GEMS was used in this study because it can account for solid solutions. Calculations were
performed at ambient conditions with the database related to the SUPCRT92 code enriched with
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thermochemical data derived in this study or relevant phases taken from the literature: LaPOy
(Janots et al. 2007), La(OH)3 (Diakonov et al. 1998), La;(COj3)3; - 8H,O (Nguyen et al. 1993),
La(OH)( g(CO3); 1 - 0.1H,O (Gémsjager et al. 1995) and the hydroxylapatite (Robie et al.
1995). Solid solutions between the hydroxylapatite and britholite were considered as ideal. We
selected conditions modeled from the interactions between an alkaline plume and bentonite
(Gaucher et al. 2004), which are supposed to approach those of a solution in a nuclear deposit
with concrete and a clay barrier. Bulk composition corresponds to the following elemental
concentrations: 0.014 mol-kg~! of Ca, 3.43 - 104 mol-kg! of Si and 2.46 - 103 mol-kg ! of C.
Relative solubility of monazite compared to apatite-britholite solid solution as well as lanthanum
speciation are here addressed as a function of pH.

First, solubility diagram of monazite at 298 K was established in the La,03-P,05-H,0-CO,
system considering 0.01 mole of monazite in one kilogram of water with 0.00246 mole of
CO,. Using GEMS program, lanthanum aqueous species and saturating La-phases have been
calculated from pH = 3 to 13. pH variations were computed from an inverse titration by adding
HNOj and NaOH. Figure 3 presents lanthanum speciation and the La-phases at equilibrium.
It shows that monazite is oversaturated throughout the entire range of pH and buffers the solution
at concentrations of lanthanum below 102 mol-L~! from pH = 5.5 to pH = 10. The minimum
solubility is found at pH around 8.5. Apart from monazite, La(OH)3 controls lanthanum
concentration only at pH above 11. It is noteworthy that lanthanum nitrate complex formation
due to HNOj titration influence negligibly the lanthanum concentrations at pH > 5.

Monazite solubility at 298 Kwas also investigated in the La;03-CaO-P,05-Si0,-H,O-CO,
system to address monazite stability in a chemical system comprising the britholite-hydro-

La(COg)*

—B8—La(NO3)2+

—A—Ladt

—x—LaO*

—%—La0>

—&—La0p.aq La(OH)3

—+—LaOH2+
Monazite

log{m}

Fig. 3. Solubility-Speciation diagram in the La,05-P,05-H,0-CO, system for 0.01 mole of monazite
in one kilogram H,0O with 0.00246 mole of CO, at pH = 3-13
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xylapatite solid solution. Rather than considering an amount of monazite, concentrations of
lanthanum and phosphorus were fixed to be representative of concentrations encountered
in nature. Phosphorus concentration (1.10~7 mol-kg™!) corresponds to the concentrations
at equilibrium with the hydroxylapatite at neutral pH. The lanthanum concentration
(1.107% mol-kg!) is based on lanthanide concentrations measured in water in the area of the
fossil reactor of Oklo (Gabon). This latter concentration is of the same order as those derived
from our thermochemical data (Fig. 3) for pH = 5-10. Figure 4 shows that monazite is stable
from pH = 4 to 9 with a minimum of solubility at pH = 7. The solid solution between apatite and
britholite precipitates at pH > 7 with a nearly constant composition of 99% hydroxylapatite and
1% britholite. In its respective stability field, each mineral has a very low solubility and buffers
the solution at comparable low lanthanum concentrations (log{La} = 10-10-10-15 mol-kg"!
for pH =4 to 13).

This thermochemical diagram shows some consistencies with natural observations. Cal-
culated apatite composition, with 99% hydroxylapatite and 1% La-britholite, is compatible
with the REE concentrations in apatite, formed in sedimentary and diagenetic conditions.
REE-bearing apatite has been often described in diagenetic rocks and REE contents ~0.3% were
measured by Lev et al. (1998). By comparison, the britholite end-member is only found
in high-temperature rocks, such as magmatic or granulite-facies rocks (e.g. Arden, Halden
1999). In our calculations at 298 K, monazite is more stable than REE-apatite on acid to neutral
pH. This can explain why monazite occurs in replacement of apatite during granite weathering
and soil formation (Banfield, Eggleton 1989; Taunton et al. 2000). Even under high temperature

0

La(COa)*
—B—La(NO3)2+
&2 —A— a3+
—X%—LaOt

. —%—La03

- : a—La0g,aq
Nhnaz'te_ i (e

Hydroxyapatite (X|_a = 1%)

'
[oe]

log{La}

-104

log{m}

2]
14
161

-18

-20 -
3 4 5 6 7 8 9 10 11 12 13

Fig. 4. Solubility-Speciation diagram in the La,03-P,05-Ca0O-SiO,-H,0-CO, system obtained with GEMS
code at pH = 3—13. Concentrations are derived from Gaucher et al. (2004) apart for phosphorus and lanthanum
concentrations fixed at 10-7 mol-kg~! and 109 mol-kg!, respectively (explanations and discussion in text)
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conditions, the apatite replacement by monazite appear as a recurrent feature (e.g. Harlov et al.
2002; Harlov et al. 2007). In contrast, replacement of monazite by apatite has been rarely
described and when documented it reveals than REE will be incorporated by secondary
REE-phases such as allanite rather than apatite (Finger et al. 1998).

Furthermore, calculated concentrations at equilibrium ({La} = 10719-10-15 mol-kg™! for
pH =4 to 13) are consistent with concentrations measured experimentally during the dissolution
of Nd-britholite, CagNd(PO4)5SiO4F, ({Nd} < 10-12 mol-kg! at pH = 7, Chairat et al. 2006). In
this experimental study, Nd release rates were slower than Ca, P and Si at neutral pH due to the
precipitation of a secondary phosphate phase. These last observations are coherent with our
calculations where monazite appears more stable than apatite under acidic to neutral conditions.

The solid solution composition close to the hydroxylapatite end-member is more stable
thermochemically than the silicated britholite end-member, under the conditions of our model.
In terms of chemical durability at 298 K, it is expected thermodynamically than britholite will
react to form hydroxylapatite and/or monazite in the presence of phosphate aqueous species.
Both monazite and La-bearing hydroxylapatite show remarkable low solubility around neutral
pH that limits lanthanum concentrations in solution. Hence, it confers to them good chemical
qualities as potential matrix for nuclear waste-form. While hydroxides or carbonates of lan-
thanum are the stable solid phases in the LayO3-H,0-CO, system (Diakonov et al. 1998),
they are no longer stable in the Lay03-CaO-SiO,-H,0-CO, system. The absence of these
synthetic La-phases in complex chemical system tends to show that La-phases with natural
occurrences are more stable than synthetic ones, as shown already experimentally for Th-phases
(Goffé et al. 2002). During diagenesis, REE are redistributed often with the involvement of
REE-enriched phosphate phases such as apatite, monazite but also florencite (review in Bock et
al. 2004). In fact, florencite is observed in weathered granite (e.g. Banfield, Eggleton 1989),
marine sediment (e.g. Rasmussen 1996), hydrothermal rock (Gaboreau et al. 2005) as well as
pelite (Janots et al. 2006). Hence, prediction of REE distribution at sedimentary conditions will
require further solubility studies in more complex system including REE-bearing phases, such as
florencite (Gaboreau, Vieillard 2004).
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