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ABSTRACT

Florencite-(La) (La/Ce = 1.09) with fissiogenic REEs and florencite-(Ce) (La/Ce = 0.62)
have been identified in illite from the clay mantle surrounding a natural, 2 Ga fission
reactor at Bangombe and in sandstone beneath the reactor zone, respectively. Florencite-
(Ce) is apparently unrelated to nuclear processes and occurs with monazite-(Ce), apatite,
Ti02 (probably anatase), zircon, and illite. Grains of florencite-(Ce) contain inclusions of
thorite, chalcopyrite, and galena. Florencite-(La) was found 5 cm from the "core" of the
reactor and contains inclusions of galena and U-Ti-bearing phases. Secondary uraninite
and coffinite have precipitated on some of the florencite grains. The chemical composition
offlorencite-(La) as determined by electron microprobe analysis is (Lao.3SCeO.35Ndo.06SlIlo,Ol-
Cao,o3Sro.17)(A12,9sFe~.b2)(P04)[P03.8o(OH)o.2o](OH)6'Secondary ion mass spectrometry
revealed that between 27 and 30% of Nd and 67 and 71% of Sm in florencite-(La) is
fissiogenic. The presence of fissiogenic REEs in "florencite" from the reactor zone in
Bangombe and their preferential concentration in florencite relative to the bulk sample of
clay demonstrate that aluminous phosphates may have played a more significant role in
the fixation offissiogenic REEs released from uraninite after the sustained fission reactions
than sorption onto clays.

INTRODUCTION logs for trivalent transuranic actinides (Krauskopf 1986).
Geochemical studies as early as 1975 revealed the redis-

Spontaneous fission reactions occurred in U deposits tribution of Nd and heavier REEs in reactor zone 2 at
of the Franceville Basin in southeastern Gabon at ap- Oklo. The REEs migrated < 80 cm (Ruffenach et al. 1975).
proximately 2 Ga and lasted 105-106yr, producing a sub- Curtis et al. (1989) reported that Nd was released from
stantial amount of fission products (Gauthier-Lafaye et uraninite in reactor zone 9 but was retained within the
al. 1989; Naudet 1991). Sixteen natural fission-reactor clay mantle of the reactor zone. Hemond et al. (1992)
zones have been discovered in the U deposit at Oklo showed that fissiogenic Nd released from uraninite in re-
since 1972. Two more reactors are known at Okelobondo actor zone 10 migrated into the border of the reactor zone
and Bangombe, some 0.5 and 20 km south of Oklo, re- and even into the sandstone in areas where calcite-filled
spectively. The Bangombe fission reactor, discovered in fractures were present. They noted that the amounts of
1985, is in the upper part of the Proterozoic Franceville released radionuclides and fission products were small in
sandstone at a depth of 12 m and consists of a 5 cm thick comparison with the quantities produced during fission
body of a massive U ore (the reactor's "core"), which is reactions. Migration of fissiogenic REEs has also been
overlain by a 30 cm thick clay mantle (Smellie et al. 1993; observed in Bangombe. Small amounts offissiogenic REEs
Bros et al. 1993). U in uraninite from Bangombe is de- were detected as far as 5.5 m above the reactor core (Bros
pleted in 235U,with the lowest value of 235U/238U= et al. 1993). None of these observations address the issue
0.005902, owing to fission reactions (Bros et al. 1993). of the retention mechanism of released fissiogenic REEs,

Natural nuclear reactors offer a unique opportunity to although the importance of accessory minerals, e.g., zir-
study the migration of fission products over geologic time; con, in trapping REEs has been realized (Menet et al.
this is relevant to the performance assessment of an un- 1992). Recently, Hidaka et al. (1994) showed that apatite
derground nuclear waste repository (Naudet 1991). inclusions in uraninite at Oklo contain significant amounts
Among fission products, rare earth elements (REEs) are of fissiogenic Ce, Nd, and Sm as trace elements in addi-
especially well suited for this purpose because their fis- tion to the small amounts of fissiogenic Rb and Ba. We
sion yields are high, and they contain strikingly different present the results of electron microprobe analyses
fissiogenic and natural isotopic compositions (Brookins (EPMA) and secondary ion mass spectrometry (SIMS) of
1990). Light rare earth elements (LREEs) are good ana- florencite, (REE)A13(P04MOH)6' from the Bangombe re-
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FIGURE1. (A) Backscattered electron (BSE) image of the ma-
trix in the sandstone from sample BA145-A3 from Bangombe.
M = monazite; arrows point to intergrowths of titanium oxide
with clay and to grains of florencite-(Ce). Elongated aggregates
offlorencite also occur in physical contact with monazite (lower
left corner). (B) BSE image of florencite-(Ce) with numerous in-
clusions of thorite and chalcopyrite (both white in the image).
(C) BSE image of an aggregate of florencite-(La) crystals in illite
(black). G = galena. (D) BSE image of florencite-(La) with core
occupied by galena and U and Ti phases.

actor zone, which demonstrate that some of the REEs are
the daughters of fission products generated during reactor
operation.

"Florencite" is an REE end-member of the crandallite
group, which includes aluminous phosphates ofCa (cran-
dallite), Sr (goyazite), Ba (gorceixite), and Pb (plumbog-
ummite), as well as related arsenates (Schwab et al. 1990a).
In this paper, we use the term "florencite" in a generic
sense, and thus in the remainder of the paper it is not
placed in quotes. Florencite occurs in a variety of rock
types, including granitic pegmatites, carbonatites, mica
schists, hydrothermal deposits, placers, weathered zones
[especially in laterites (Lefebvre and Gasparrini 1980;
Sawka et ai. 1986; Schwab et al. 1989; Slukin et al. 1989)],
and shales (Pouliot and Hofmann 1981). In weathered
rocks, florencite often occurs as donut-shaped aggregates
in cavities after dissolved apatite (Banfield and Eggleton
1989; Braun et al. 1993). Florencite can precipitate at
extremely low concentrations of phosphoric acid (aH,po.
< 10-3) and at a pH <4 (Schwab et al. 1989).

OCCURRENCE

We found two varieties of florencite in samples from
Bangombe: one in sandstone beneath the reactor zone,
and the other in illite within the reactor zone.

Florencite outside of the reactor zone occurs in the ma-
trix of the coarse-grained, laminated quartz sandstone
(sample BA-145) together with monazite-(Ce), apatite,
Ti02 (probably anatase), zircon, and illite (Fig. IA). Grains
offlorencite contain numerous inclusions of tho rite, chal-
copyrite, and galena (Fig. lB). Though monazite grains
are heavily corroded and altered (Fig. lA), they are not
replaced by florencite. In areas where monazite and flo-
rencite are in physical contact, the latter is an overgrowth
on monazite. Apatite grains are corroded. They have not
been seen in physical contact with florencite.

The florencite-bearing sample (5D2B) from the reactor
zone was collected from drill hole BAX03 at a depth of
11.75 m, 5 cm above the reactor core (Gauthier-Lafaye,
personal communication). The sample consists of illite
with veinlets and aggregates of authigenic ferromagnesian
chlorite (ripidolite). One of the numerous fractures di-
vides this sample into two portions: one contains floren-
cite, galena, nodules of solid bitumens associated with
Ti-, Zr-, and V-rich phases, and V minerals (coffinite and
uraninite); the other portion contains abundant pyrite and
detrital zircon dispersed within illite. In this latter por-
tion, there is an area of red stain resulting from the oxi-
dation of Fe. Florencite is embedded in the brownish
illite and occurs as a train of low-birefringent (0.005),
elongated overgrowths of colorless to yellowish rhom-
bohedral crystals up to 110 ~m long and 50 ~m wide (Fig.
1C). Some florencite grains contain inclusions of galena
and V- and Ti-bearing phases (Fig. ID). Vraninite and
coffinite precipitated on florencite and replaced it along
fractures (Fig. 2). Precipitation of uraninite on florencite
and adjacent illite a few centimeters outside the reactor
core suggests that this is a secondary uraninite.

ANALYTICAL METHODS

Samples were analyzed using a JEOL 733 Superprobe
operated at an accelerating voltage of 15 kV and a sample
current of 20 nA. The beam diameter was -1 ~m. Back-
scattered electron (BSE)images were obtained at the same
operating conditions. Data were reduced (ZAF correc-
tions) using the Oxford GENIE microprobe automation
and data-analysis software. P and Al were analyzed by
energy-dispersive spectrometry (EDS). Peak profiles for
P and Al were generated using data for apatite and co-
rundum, respectively. EDS calibration was performed on
an Ni standard. Other elements (Ca, Fe, REEs, S, Si, Th,
Ti, V, Y, and Zr) were analyzed in the wavelength-dis-
persive (WDS) mode. Sr was analyzed by combined EDS
and WDS methods because of the overlap of the SrL{3
and SiKa peaks. Standards included the minerals ande-
sine for Ca, rutile for Ti, biotite for F, spessartine for Si
and Fe, pyrite for S, and thorite for Th, as well as syn-
thetic REEP04, V02, and SrMo04. To distinguish Pb in
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uraninite from Pb in galena, S was always analyzed with
Pb.

Analyses of isotopic ratios of Nd and Sm were per-
formed by SIMS with the use of CAMECA IMS 4f in-
strument. Analyses were made by bombardment of the
sample with primary 0- ions accelerated through a nom-
inal potential of 10 kV. A primary beam current of 20
nA was focused on the sample over a spot diameter of
25-35 ~m. Sputtered secondary ions were energy filtered
using a sample offset voltage of 75 V and an energy win-
dow of 40 V to effectively eliminate isobaric interfer-
ences. Each analysis involved repeated cycles of peak
counting on 27AI, 143Nd, 145Nd, 146Nd, 147Sm,and 149Sm,

as well as counting on a background position. Peak count-
ing times were varied to achieve an analytical precision
of at least 0.2-0.4% for 143Nd/146Ndand 145Nd/146Ndand
0.8-1.0% for 147Sm/149Sm.Ratios were corrected for in-
strumental mass fractionation by comparison with a sam-
ple of standard florencite (a variety ofstiepelmanite) from
a pegmatite in Klein-Spitzkopje, Namibia (Harvard Min-
eralogical Museum, catalog no. 105/29).

RESULTS AND DISCUSSION

Chemical compositions of ftorencites and associated
minerals

Averaged chemical compositions of florencites and
monazite from Bangombe are given in Table 1. The ap-
parent deficiency in P in the electron microprobe analyses
offiorencite from the sandstone (analyses 5 and 6 in Ta-
ble 1) reflect the poor quality of the sample surface caused
by alteration and inclusions of other minerals. Neither
As nor S, which can substitute for P in florencite, were
detected. Results ofP determinations on the apatite stan-
dard, under the same analytical conditions used for the
florencite analyses, deviated no more than :to.2 wt% from
the expected value.

To calculate the number of ions in the formula unit of
florencite from electron microprobe analysis, florencite's
chemical formula must be converted into an anhydrous
equivalent. The general chemical formula for phosphates
of the crandallite group was recently given by Schwab et
al. (1993) as M2+,H AI3(P04MOHMH), where M2+ = Ca,
Sr, Ba, and Pb, and MH = REE. However, for the pur-
pose of crystal-chemical calculations, we propose the
structural formula (REEf~xM;+ )(Al,Fe)H (P04)[P04-x,
x(OH,F)](OH)6' derived by combining the structural for-
mula for M2+-bearing members of the crandallite group,
M2+AI3(P04)(P03 .OH)(OH)6 (Blount 1974; Radoslovich
1982), with the florencite formula (REE)AI3(P04MOH)6'
Although charge balance in the florencite formula is
maintained without additional H +, the replacement of
REEs by divalent cations results in a coupled substitution
of the type REP+ = M2+ + H +. The additional H atom
is located on one apical 0 atom of the P04 tetrahedron
(Radoslovich 1982); hence, the number of 0 atoms in
this tetrahedron is 0 = 4 - OH. Therefore, the amount
of 0 in the anhydrous formula of florencite, equivalent

--._-

FIGURE 2. Secondary electron image of grains of florencite-
(La) in illite (black) partially replaced by uraninite, coffinite, and
titanium oxide (white). Lower image shows details of replace-
ment of a florencite grain by U-bearing minerals along fractures.
The grain is also decorated with U minerals. Note the feathery
appearance ofU minerals in clay owing to their precipitation on
the (00 I) planes of illite.

to OH groups, cannot be readily ascertained. To avoid
this uncertainty, the number of ions in the florencite for-
mulas in Table 1 were calculated on the basis of six cat-
ions in the formula unit (M2+,REE) + (Al,Fe) + P. The
total number of ions ofOH- replacing 02- was calculated
by charge balance from OH = 22 - (~ cation charges),
and the amount of 02- replaced by OH- in P04 tetra-
hedra was calculated from 0 = 4 - OH. The water con-
centration was then calculated from the amount of OH
obtained.

The presence of Sr and Ca in chemical analyses of flo-
rencite indicates solid solutions with goyazite and cran-
dallite, respectively (Table 1). Ba and Pb were not de-
tected. Florencite from the reactor zone is enriched in Sr
and depleted in Ca relative to the florencite from the
sandstone (Table 1). The florencite samples differ in their
relative REE abundances. Although Ce is predominant



1266 JANECZEK AND EWING: FLORENCITE-(La) WITH FlSSIOGENIC REEs

TABLE 1. Electron microprobe analyses of florencite and monazite from Bangombe

2 3 4 5 6 7

P,O. 27.67 27.73 30.75 28.17(30) 26.30(11 ) 25.80(10) 30.06(29)
SiC, b.d.l. 0.07(03) b.d.l. 0.19(12)
ThO, b.d.1. 0.80(71) 0.90(37) 0.06(04)
UO, b.d.1. b.d.1. 0.11(06) b.d.l.
AI,O. 29.81 29.88 33.14 30.12(27) 29.94(09) 30.20(09) b.d.1.
Fe,O. 0.36(08) 1.36(04) 1.71(04) b.d.1.
Y,O. b.d.1. b.d.1. b.d.1. 0.28(05)
La,O. 31.83 12.38(54) 8.29(06) 7.42(05) 19.65(36)
Ce,O. 31.99 11.31(33) 13.54(06) 14.35(07) 35.28(45)
Nd,O. 2.02(23) 3.00(11 ) 3.03(07) 11.60(39)
Sm,O. 0.37(04) 0.58(05) 0.65(05) 2.36(23)
CaO 0.39(07) 0.78(02) 1.03(02) 0.17(08)
SrO 22.45 3.45(44) 1.98(04) 2.02(04) b.d.l.
H,O~. 10.53 10.56 13.66 11.13 11.41 11.71 n.d.

Total 100.00 100.00 100.00 99.70 98.05 98.93 99.65

Number of ions
0= 14, Cations = 6 0=4

P 2.00 2.00 2.00 2.00 1.91 1.86 1.00'
AI 3.00 3.00 3.00 2.98 3.03 3.04
FeH 0.02 0.09 0.11
La 1.00 0.38 0.26 0.23 0.28
Ce 1.00 0.35 0.43 0.45 0.51
Nd 0.06 0.09 0.09 0.16
Sm 0.01 0.02 0.02 0.03
Ca 0.03 0.07 0.09 0.01
Sr 1.00 0.17 0.10 0.10

° 8.00 8.00 7.00 7.80 7.65 7.50 4.00
OH 6.00 6.00 7.00 6.20 6.35 6.50

Note: Columnnumbersrefer to the following:1 = idealflorencite-(Ce),2 = idealflorencite-(La),3 = idealgoyazite,4 = averageof fifteenanalyses
of florencite-(La)from the illite mantle (Bangombe),5 and 6 = single analyseswith the highest analyticaltotal of florencite-(Ce)from sandstone
(Bangombe),7 = monazite-iCe)from sandstone.Total Fe reportedas Fe,O.. Valuesin parenthesesrefer to the standarddeviationof the last two
digits; b.d.l. = belowdetectionlimit; n.d. = not determined;H,O_ = calculatedfrom the amountof OHobtainedby chargebalance..Includes 0.01Si.

-- --

in the florencite from the sandstone (La/Ce = 0.62), La
slightly predominates over Ce in the florencite from the
clay (La/Ce = 1.09). REEs other than La, Ce, Nd, and
Sm were not detected in either florencite sample, with the
detection limits ranging from 0.01 wt% for Y to 0.08 wt%
for Tm.

The presence of Th and U in florencite-(Ce) is due
mainly to inclusions of thorite (Fig. lB), and these two
elements were not included in the calculation of number
of ions in the florencite formula unit. EDS spectra of tho-
rite inclusions showed relatively strong peaks for P but
no AI. Therefore, P may substitute for Si in the thorite
structure. The low content of Th in monazite (Table 1)
is unusual because monazite commonly contains signifi-
cant amounts of Th and U, occasionally over 15 wt%
U02 and 14 wt% Th02 (Boatner and Sales 1988). The
absence of Th in monazite could have been caused by a
preferential leaching of Th during alteration of the mon-
azite. Released Th was precipitated as thorite.

Because of the small grain size and intergrowths with
other phases, it was extremely difficult to obtain reliable
microprobe analyses of the U-bearing phases that precip-
itated on the reactor-zone florencite (Fig. 2). The average
of three analyses of a single uraninite grain < 10 }Lm in
size is (in weight percent) U02 85.13(17), Si02 1.63(12),
PbO 4.76(31), FeO 0.31(01), A12030.28(02), and P20S
0.32(01). Al and P are from the associated florencite. Sil-
ica may be related to minor coffinite. One analysis of the

U-rich material gave Si02 and U02 contents close to the
coffinite stoichiometry (USi04. nH20). Otherwise, the Si02
contents varied from 1.4 to 8.8 wt%, suggesting that the
Si02 could be, in part, associated with different amounts
of coffinite replacing uraninite. All analyzed U-rich ma-
terial contained significant Ti (up to 2 wt% Ti02) with
the exception of the analyzed uraninite grain.

Isotopic ratios

Values ofNd and Sm isotopic ratios (143Nd/146Nd,14SNd/
146Nd, 149Sm/147Sm)obtained by SIMS in florencite-(La)
are given in Table 2 and compared with a standard flo-
rencite-(Ce) from a pegmatite in Namibia, a sample of
clay in which florencite-(La) occurs, a sample of U ore
from the core of the reactor zone at Bangombe (Bros et
a1. 1993), and the fission REE-bearing apatite from re-
actor zone 10 at Oklo (Hidaka et a1. 1994). Values ofNd
and Sm isotopic ratios for those samples normalized to
the normal isotopic ratios are shown in Figure 3. The
isotopic ratios shown in Table 2 and Figure 3 for floren-
cite-(La) from the Bangombe nuclear reactor are distinct-
ly different from the isotopic ratios for "normal" floren-
cite. Observed isotopic ratios (Ro) include ratios of the
abundances of natural isotopes (Rn) and ratios of the
abundances of fissiogenic isotopes (Rr); therefore,

(1)

where x and yare the proportions of the natural and



TABLE 2. Isotopic ratios of Nd and Sm in florencite 3.0

Sample '43Nd/14'Nd 14'Nd/'48Nd 149Sm/'47Sm
2.5

Florencite (A) 502 0.9585(17) 0.6670(13) 0.3284(25)
Florencite (B) 502 0.9536(33) 0.6608(24) 0.2938(29)
Florencite, STO 0.7031(12) 0.4803(12) 0.9180(34) 2.0

Bulk sample 502' 0.8725 0.6007 0.4365
Bulk sample 501' 1 .4695 1.0240 0.1012
Apatite SF29-8612" 1.6354 1.2047 0.0065 1.5

Natural abundance 0.7034 0.4803 0.9184

Note: Two grains (A and B) of florencite from illite in sample 502 from 1.0
the BangomlJe reactor zone; florencite from pegmatite in Namibia (STO);
bulk samples 502 (clay mantle) and 501 (core of the Bangomb9 reactor
zone), and apatite from reactor zone 10 at Oklo. Mean deviations are given 0.5
in parentheses.,

Ratios calculated on the basis of data in Bros et al. (1993).

"
Ratios calculated on the basis of data in Hidaka et al. (1994). 0.0

143Nd/146Nd
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fissiogenic isotopes, respectively, to the total. The pro-
portion of the fissiogenic isotope to the total can be cal-
culated from the equation Ro = (1 - y)Rn + yRf, which
is rearranged to give

We were not able to measure isotopes with a low fis-
sion-product yield, i.e., 142Ndand 144Sm,which are com-
monly used as reference (natural) isotopes in the calcu-
lation of the ratio of natural to fissiogenic Nd and Sm
(Hidaka et al. 1988; Hemond et al. 1992). Thus, in these
calculations we used ratios of the abundances of fissi-
ogenic isotopes measured in apatite from the core of re-
actor zone 10 at Oklo with 93 and 96% fissiogenic Nd
and Sm, respectively (Hidaka et al. 1994). Therefore, val-
ues of y obtained from Equation 2 were normalized to
100% by dividing y by 0.93 for Nd and by 0.96 for Sm.
On the basis of these calculations, between 27 and 30%
of the Nd and 67 and 71% of the Sm in the florencite-
(La) is fissiogenic. Assuming that there was no production
of fissiogenic 149Sm,i.e., Rf = 0, because of a small neu-
tron-capture cross section of 149Sm,the proportion of nat-
ural isotope to the total calculated from Equation 1 is x
= RoiRn = 0.36; thus, 64% of the Sm is fissiogenic. These
abundances are lower than the abundances of fissiogenic
REEs in apatite from the core of reactor zone 10 (Hidaka
et al. 1994). However, although the highest concentra-
tions offissiogenic Nd and Sm in the apatite are 501 and
60 ppm, respectively, the highest concentrations of fissi-
ogenic Nd and Sm observed in florencite are 3.1 and 0.2
wt%, respectively. The abundances of fissiogenic Nd and
Sm in florencite are higher than the abundances of fissi-
ogenic Nd (19.9%) and Sm (52.6%) observed by Bros et
al. (1993) in the bulk sample of the clay mantle (Table 2;
Fig. 3). The enrichment in fissiogenic Nd and Sm in flo-
rencite relative to the other components of the clay man-
tle suggests that LREE nuclides were preferentially incor-
porated into the florencite structure during the influx of
tissiogenic LREEs, which were released from uraninite.
The crystal-chemical properties of crandallite, especially
Sr-rich crandallite, makes it an efficient trap for LREEs
(Schwab et al. 1990b). The crystallization of LREE alu-
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FIGURE3. Bar chart of isotopic ratios in florencite with nor-
mal isotopic abundances, florencite-(La) from Bangombe, illitic
clay hosting the florencite-(La), and apatite from reactor zone 10
at Oklo, normalized to the normal isotopic ratios ofNd and Sm.

(2)
minous phosphates was also favored by the peraluminous
composition of the clay mantle. Because of these two fac-
tors, florencite may be a common but so far overlooked
accessory mineral in the clay mantles of all the reactors.

Traces of 135Baand l37Ba were detected in florencite-
(La) (counts from 135Baand 137Bawere 2.0 x 102 and 3.5
x 102 cps, respectively; in comparison, the count for 27 Al
is 2.92 x 106 cps). Their progenitors were Cs isotopes,
135Csand l37Cs.Finding phases enriched in radiogenic Ba
is crucial to understanding the behavior of l37Csin nat-
ural reactors (Hidaka et al. 1992). Traces of fissiogenic
Ba (up to 3 ppm) have been observed in apatite from the
core of reactor zone 10 (Hidaka et al. 1994).

Although we could not determine the isotopic com-
position ofLREEs in florencite-(Ce) from the sandstone,
their occurrence in the sandstone matrix together with
apparently detrital and altered monazite-(Ce) and apatite
suggests that the origin offlorencite-(Ce) is different from
that of the florencite-(La) in the reactor zone. Alteration
of monazite-(Ce) and apatite was probably a source of P
and REEs for the formation offlorencite-(Ce) in the sand-
stone.

Timing of the florencite-(La) formation

An important question is that of the timing of REE
mobilization in the reactor zone. Precipitation of a sec-
ondary uraninite on florencite (Fig. 2) suggests that the
florencite is older than the uraninite. There were at least
two stages ofU mobilization in the natural reactors. The
first was related to the partial dissolution of uraninite
caused by the formation of a clay halo around the ura-
ninite (Janeczek and Ewing 1995) during or shortly after
the sustained nuclear reactions of2 Ga (Gauthier-Lafaye
et al. 1989). The second stage of U migration from the
cores of the reactors was related to the hydrothermal al-
teration ofuraninite caused by the igneous activity in the
Franceville Basin at 750-720 Ma (Nagy et al. 1991; He-
mond et al. 1992; Holliger 1992). Also associated with
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this thermal event was total, or almost total, Pb loss from
uraninite in most of the reactor zones (Janeczek and Ew-
ing 1995). The bulk Pb concentration in the uraninite
precipitated on florencite (4.8 wt% PbO) is within the
range of Pb concentrations in uraninite from all the re-
actor zones affected by the second event (Janeczek and
Ewing 1995). Therefore, precipitation of the secondary
uraninite on florencite places an upper limit on the time
of florencite crystallization. A few florencite grains con-
tain inclusions of U phases and galena (Fig. 2). Unfor-
tunately, neither the age of the uraninite nor that of the
galena is known. Because of the multistage alteration of
uraninite, ga1enas of different ages are expected to occur
in the natural reactors. Galena with a 207Pbpo6Pbage of
1788 :t 4 Ma has been observed in reactor zone 9 at
Oklo (Nagy et al.1991). All Pb in that galena is radio-
genic; therefore, the galena is only 200 m.y. old. Recent
geochemical data suggest that REEs were stable relative
to U during the second stage of uraninite alteration at
Bangombe (Bros et al. 1993), and, therefore, REEs were
released mainly during or shortly after criticality. How-
ever, earlier geochemical studies showed that no signifi-
cant migration of REEs occurred during the nuclear re-
actions at the Oklo deposit (Loubet and Allegre 1977).
Textural observations of the paragenetic relations be-
tween florencite and illite are inconclusive. Illite at the
contact with florencite is deformed as if pushed apart by
crystallizing grains of florencite, which may indicate that
the florencite, is younger than illite. Clearly, more obser-
vations are needed to address the problem of the age of
the fissiogenic REE-bearing florencite.

Florencite is not the only mineral known to have in-
corporated fissiogenicelements as major constituents. Ru-,
Pb-, Rh-, and Pd-rich sulf-arsenides and arsenides have
been found adjacent to uraninite in the cores of reactor
zones 10 and 13 (Holliger 1992; Hidaka et al. 1994; Ja-
neczek and Ewing 1995). Ru in these minerals contains
up to 46.6% 99Ru, a daughter of 99Tc (Holliger 1992).
Also, molybdenite observed at the interface between ura-
ninite and clay in a sample from reactor zone 10 may
contain fissiogenic Mo (Janeczek and Ewing 1995). How-
ever, although Ru-rich particles and molybdenite occur
in the immediate vicinity ofuraninite, fissiogenic LREE-
bearing florencite-(La) occurs outside the reactor core.

CONCLUSIONS

The occurrence offlorencite, which contains fissiogenic
REEs, in the clay mantle surrounding the core of the nat-
ural fission reactor at Bangombe provides mineralogic
evidence for one of the possible mechanisms of fixation
of REEs released from uraninite after the sustained fis-
sion reactions. Preferential concentration of fissiogenic
Nd and Sm in the florencite relative to the bulk sample
of the clay demonstrates that aluminous phosphates may
have played a more significant role in the fixation of mi-
grating REEs than sorption onto clays.
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