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Abstract

Ž .Large-scale light rare earth element LREE , uranium, lead and phosphorus migration has been evidenced in the FA
Ž . Ž .Lower Proterozoic sandstones of the Franceville basin Gabon hosting Oklo natural nuclear reaction zones RZ in relation

Ž .with extensive accessory mineral alteration by highly saline diagenetic brines 28.7 wt.% NaCl eq. to 30 wt.% CaCl eq. at2

about 1408C and 1 kbar. Monazite is the most severely altered accessory mineral in the coarse-grained sandstones of the
basal FA formation. Detrital monazite crystals are altered to Th–OH silicate microcrystalline phase with very low

Ž .concentrations of U and LREE. The ThrLa ratio increase from non-altered ThrLa;0.27 to altered sandstones
Ž . 9ThrLa;1.14 shows that about 76% of the LREE was leached. This corresponds to the leaching of 2.01=10 metric tons

Ž .at the scale of the FA formation in the Franceville basin. Similarly, the ThrU increase from monazite ThrUs18.6 to the
Ž .Th-silicate phase ThrUs88.7 is interpreted as a result of an alteration by oxidizing brines with leaching of U together

with LREE and P. It corresponds to the leaching of 9.06=106 metric tons of uranium. This amount of uranium largely
exceeds the known uranium reserves from the Franceville basin.

In zircon crystals, the cores are generally homogeneous, weakly fractured and well preserved as attested by the Archean
Ž .ages 2867"24 and 2865"51 Ma obtained by ionic microprobe analysis on zircon of the FA Formation, respectively,

Ž .Ž .from the marginal and central parts of the basin. Their composition corresponds to the pure end-member Zr,Hf SiO , poor4
Ž .in Th and U ThrU;1 . At the contrary, their rims, which present several growth zones with cracks fillings, are enriched in

Ž .REE, P, Th and U with higher ThrU ratios 5–10 .
Both altered monazite and altered zircon contain galena as numerous inclusions in the outer growth zones and as crack

Ž . Žfillings. For example, in zircon, the Pb of galena crystals 3–23 wt.% largely exceeds the amount of Pb maximum 0.1
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.wt.% that would have been produced in situ by radioactive decay in this mineral. Nearly all the lead were introduced into
altered zones of accessories. Dissolution of accessory minerals occurred at 2000 Ma, producing a porous and distorted
crystal structure which has allowed a later incorporation of Pb. Galena inclusions in altered zircons located in the vicinity of
reactor zones have radiogenic lead compositions. Altered zircon rims and galena inclusions in altered zircon located far from
reactor zones have non-radiogenic Pb isotopic compositions, confirming the external origin of lead. Pb isotopic evolution
models indicate a crystallization age sometime after 1000 Ma, both for galena located close to and far from U
mineralizations and reactor zones, which may be synchronous with a regional extension event contemporaneous with
intrusion of dolerite dyke swarms, between 1000 and 750 Ma, at the scale of the Franceville basin.

The present study also illustrates the different retention capacities of accessory mineral for elements representing analogs
of the radiotoxic nuclides in the relatively extreme natural conditions created by the circulation of moderately hot and
chloride-rich fluids during the diagenesis of a sedimentary basin. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Spontaneous natural fission reactions unique in
Ž .the world occurred at 1.97 Ga Ruffenach, 1979 in

three U deposits of the Franceville basin, Gabon,
Ž .namely Oklo, Okelobondo and Bangombe Fig. 1 .´ ´

Natural fission reactions lasted for 105–106 years,
producing a substantial amount of fission products
Ž .Naudet, 1991; Gauthier-Lafaye et al., 1996 . Fifteen

Ž .natural fission reactor zones RZ have been discov-
Ž .ered since 1972 Peycelon, 1995 . Thirteen are known

Ž .at Oklo, one at Okelobondo RZ OK84bis which´
represents, in fact, the South extension of the Oklo
deposit, and one in the small uranium deposit of
Bangombe located 20 km south of the Oklo–´

Ž .Okelobondo Figs. 1 and 2 . The usefulness of the´

Fig. 1. Locations of uranium deposits and natural fission reactors
Ž . Ž . ŽRZ in the Franceville basin Gabon modified from Weber,

.1969 .

Oklo deposit as a natural analogue for a geological
repository of nuclear waste was recognized early
Ž .Walton and Cowan, 1975 and was extended at
Okelobondo and Bangombe reactors zones in the´ ´

Ž .1980s Gauthier-Lafaye et al., 1996 . In this respect,
the knowledge of the mineralogical settings of fis-
sion products is very important for a better under-
standing of the conditions of their migration or reten-

Žtion in a geological environment Gauthier-Lafaye et
.al., 1996 . Thus, all indications of radionuclide mi-

gration are of prime importance. U, Th and rare earth
Ž .element REE are considered to be good chemical

Žanalogues of some radiotoxic nuclides Krauskopf,
.1986 , and migration of these elements in the

Franceville basin has therefore been particularly ex-
amined in the present study. Moreover, the impor-
tance of Pb mobilisations has been shown by the
similarities between the behaviour of Pb and fissio-

Ž .genic metals Ru, Rh, Pd, Mo during geochemical
alteration of uranium ores. Although several studies
at Oklo have demonstrated the transfer of fissiogenic
products and their retention in some well defined

Žmineral phases near RZ apatite with fissiogenic Nd
and Cs, Sere, 1996; La–Ce–Sr–Ca aluminous hy-`
droxy phosphate with fissiogenic REEs and Zr,
Dymkov et al., 1997; chlorite with Pu, Bros et al.,
1993; or Pb release from uraninite, Janeczek and

.Ewing, 1995; Savary and Pagel, 1997 , some prob-
lems about the migration of lead in the far-field of
RZ remain debated. For example, Janeczek and Ew-

Ž .ing 1995 state that reducing conditions prevent
Ž .long distance migration of Pb. Raimbault et al. 1996

argue that an excess of lead in FA sandstones must
be attributed to large-scale migration in the sedimen-
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Ž . ŽFig. 2. Schematic location of samples containing zircons and monazites with galena inclusions: A OBD.96-8 in Okelobondo mine near´
. Ž . Ž . Ž .RZ OK84bis and OBD.96-51 in Oklo open pit near RZ 7-8-9 and B in BA.2 drill core Bangombe : BA.2-14.25 m, BA.2-22.95 m,´

BA.2-65.34 m, BA.2-273.39 m, BA.2-400.23 m, BA.2-570.57 m, BA.2-945 m and BA.2-955 m.

Ž .tary basin. Savary and Pagel 1997 have demon-
strated a Pb migration of around RZ16. However,
most of the previous studies have been focused on
the near field behaviour of the fissiogenic elements
and their natural analogues.

The aim of this paper is to better assess the
element migration at the scale of the Franceville
basin with respect to those specifically related to the
functioning of the natural nuclear reaction zones
Ž .RZ from Oklo–Okelobondo and Bangombe U de-´ ´
posits. The present study discusses monazite and
zircon alteration during diagenesis and the role of
diagenetic fluid circulation on REE, U, Th, P, Zr
geochemistry. U–Th–Pb chemical and U–Pb iso-
topes data are used to obtain the age of these acces-
sory minerals and to discuss the timing of Pb migra-
tion in relation to this alteration event.

2. Geological setting

2.1. Deposition and diagenesis of the FranceÕillian
series

The Francevillian sedimentary series uncon-
formably overlies the Archean crystalline basement

represented by the North Gabon massif to the north
Ž .and the Chaillu massif to the south Fig. 1 . Several

geochronological studies of the Archean basement in
Gabon were performed by Caen-Vachette et al.
Ž .1988 . The Chaillu massif, upon which the
Francevillian sediments were deposited, yields Rb–Sr

Ž .whole rock ages between 2.88 gneiss and 2.40 Ga
Ž .granitoid rejuvenated by tectonic movements . A
Pb–Pb isochrone of Fe-rich amphibolites yielded the
age of ca 2.7 Ga. This is the age of final metamor-
phism of the basement, since it coincides with biotite

ŽK–Ar ages of basement gneiss Bonhomme et al.,
.1978 . The Francevillian series is a 1000–4000 m

thick, unmetamorphosed sequence of clastic and vol-
canoclastic sediments. The lithostratigraphic succes-
sion consists, from the bottom to top, of five major

Ž .formations indexed FA to FE Weber, 1969 . The
Ž .FA formation 100–1000 m thick , which lies un-

conformably upon the Archean metamorphic base-
ment, is mainly composed of conglomerates and fine
to coarse sandstones deposited in a fluvial to deltaic

Ž .environment Weber, 1969; Bonhomme et al., 1982 .
During the first diagenetic phase, quartz overgrowths
are developed around detrital quartz grains and illite
Ž .mostly 1 Md illites and chlorite are newly formed

Ž .in the matrix Gauthier-Lafaye and Weber, 1989 .
The burial depth reached about 4000 m and tempera-
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Žtures 180–2008C Openshaw et al., 1978; Gauthier-
.Lafaye and Weber, 1989 . SmrNd isochrons of two

authigenic clay fractions from the FB formation
yielded ages of 2.099"0.115 and 2.036"0.079 Ga,
which are considered to be the age of the early

Ž .diagenesis Bros et al., 1992 . The FB formation is
characterized by fine-grained marine sediments,
mainly pelites and black shales, which are more or
less calcareous at the base, changing to pure sand-
stones at the top of the formation. The FC formation
is composed of massive dolomite and cherts in-
terbedded with black shales, whereas the FD and FE
formations are mainly composed of ignimbrites and
epiclastic sandstones with interbedded shales.

2.2. The uranium deposits and natural fission reac-
tions

The FA formation contains all the known uranium
ore deposits of the Francevillian series, including the
Oklo–Okelobondo and Bangombe deposits which´ ´

Žhost the natural fission reactors Gauthier-Lafaye and
.Weber, 1989 . The uranium concentration process

Ž .has a complex history Gauthier-Lafaye, 1986 . Ura-
nium is presumed to derive from the basal FA
radioactive Th–U-rich conglomerates. Uranium de-
position, located at the top of the FA formation, was

Ždated by U–Pb discordia at 2.05"0.03 Ga Gancarz,
.1978 .

The high-grade uranium mineralization reached
Ž .criticality at 1.97"0.06 Ga Ruffenach, 1979 ,

shortly after or during the mineralizing event. Urani-
nite grains from reactor zone yielded similar ages,

Ž1.968"0.05 Ga and 2.018"0.03 Ga Holliger,
.1988; Gauthier-Lafaye et al., 1996 . If the uncertain-

ties are taken into account, it is not possible to
distinguish the different events.

2.3. The dolerite intrusion

Several episodes of Pb mobilization have been
related to Late Proterozoic thermal events caused by

regional extension in the Franceville basin. This
extension was accompanied by the intrusion of nu-
merous dolerite dykes, one of which crosscuts the
Oklo deposit. These dykes have been dated by K–Ar
Ž .Bonhomme et al., 1978 , Sm–Nd and U–Pb discor-

Ž .dia Bonhomme et al., 1982; Sere, 1996 to 1000–700`
Ma. The difficulties in getting a precise age of these
dykes could be due to prolonged heating in the basin.
However, the dykes show signs of alteration which
caused Ar loss. The lowest K–Ar ages around 500
Ma could indicate the age of this alteration event
Ž .Weber and Bonhomme, 1975 . According to Hol-

Ž .liger 1992 , the thermal effect of the dolerite dyke
intrusion on the uranium minerals of the deposits and
the RZ was a major loss of lead.

3. Sample descriptions

Table 1 presents the location and a synthetic
petrographic description of the samples, which have
been selected according to their distance from the
RZ to decipher the eventual influence of the nuclear
reactions.

ŽNear field samples NRZ samples: 20 m maxi-
.mum from RZ; Gerard et al., 1998 were taken in the

vicinity of several reactor zones. Sample OBD.96-51
is a conglomerate from the Oklo open pit at 3 m

Ž .from RZ 7, 8 and 9 Fig. 2A . Sample BA.2-14.25 m
from the Bangombe open pit is a silicified sand-´

Žstones located at 8 m from RZ BA.145-10.5 m Fig.
.2B . Sample OBD.96-8 corresponds to a brecciated

sandstone located near calcite veinlets between pelitic
layers and mineralized sandstone layers, at 20 m
from RZ OK84bis in the Okelobondo mine. Far field´

Ž .samples FRZ samples were taken in the FA silici-
fied sandstones and microconglomerates enriched in
monazite and zircon from the BA.2 drill core, se-

Žlected at 20–945 m from the Bangombe RZ Fig.´
.2B and from GR drill cores located deeper in the

Ž .center of the Franceville basin Fig. 1 . Two samples
from Oklo open pit, OBD.96-43 and OBD.96-48,

Notes to Table 1:
NRZ: near the reactor zone; Gal: galena; RZ clay: Aargile de pileB; FRZ: far from the reactor zone; RZ: reactor zone Afacies pileB.

a Whole rock data.
b Electron microprobe data.
c Ion probe Pb–Pb data.
dSHRIMP U–Pb data.
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Table 1
Samples description, location and mineralogic occurrences

U deposits Stratigraphic Nearrfar Samples Monazites Zircons Others
position reactor zone alteration phases alteration phases

aCARMO FB sandstones FRZ OBD.96-48 – – –2

open pit

a bOklo FB sandstones FRZ OBD.96-43 monazites – –1

open pit
b c b cFA conglomerate NRZ RZ OBD.96-51 monazites with Gal dark zircon core with Gal –

bŽ .7-8-9 Th–U silicate alteration Zrr Th,U,REE –SirP phase –
b c cphase with Gal with Gal

a b cOkelobondo mineralized FA NRZ RZ OBD.96-8 – dark zircon core euhedral Gal in
mine sandstones OK84bis calcite veinlets

b cŽ .– Zrr Th,U,REE –SirP phase euhedral Gal in
cwith Gal brecciated sandstones

cBangombe mineralized FA NRZ RZ BA.2-14.25 – – native Pb in
open pit sandstones Bangombe interstitial position´

a bFA sandstones FRZ BA.2-22.95 monazite – –
bTh–U silicate alteration phase – –

a bFA sandstones FRZ BA.2-65.34 monazite dark metamictized zircon –
b,d cgrowth zones with Gal

bŽ .Th–U–REE silicate Zrr Th,U,REE –SirP phase –
balteration phase

a bFA sandstones FRZ BA.2-273.39 monazite dark metamictized zircon –
b cgrowth zones with Gal

b bŽ .Th–U silicate alteration phase Zrr Th,U,REE –SirP phase –
bFA sandstones FRZ BA.2-278.2 monazite – –

bTh–U silicate alteration phase –
a b b,dFA sandstones FRZ BA.2-400.23 monazite dark zircon core –

bTh–U silicate alteration phase – –
a cFA sandstones FRZ BA.2-570.57 – – epigenetic Gal in

replacement of pyrite
bFA conglomerate FRZ BA.2-945 – dark zircon core –

bŽ .– Zrr Th,U,REE –SirP phase –
cwith Gal

a b b,dGR drill holes FA sandstones FRZ GR.1-589.1 Th–U silicate alteration phase dark zircon core –
a b b,dFA sandstones FRZ GR.1-716.4 Th–U silicate alteration phase dark zircon core

a bFA sandstones FRZ GR.21-510 Th–U silicate alteration phase – –
a bFA sandstones FRZ GR.27-733.6 Th–U silicate alteration phase – Gal
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were taken from FB and FB sandstones, respec-1 2
Ž .tively Fig. 2A . Major and trace element abun-

dances were determined in the sandstones and pelites.
Monazite and the associated monazite alteration

phase occur as ;50–200 mm grains together with
zircon as ;100–300 mm grains dispersed through-
out the conglomerate matrix but may concentrate in
heavy mineral bands of 300 mm in thickness. These
accessory-rich layers extend laterally over some tens
of meters, because they are found in several bore-

Žholes BA near BA.2 borehole and GR near GR.31
.borehole . U–Pb isotope analyses were performed on

zircon cores. Monazite and zircon contain large
amounts of galena crystals as veinlets and inclusions.
Pb isotope analyses were performed on samples with
galena or native lead in different relations to acces-

Žsory minerals. Galena replacing pyrite BA.2-570.57
. Ž .m , galena inclusions in zircon BA.2-65.34 m and

native Pb in interstitial position between detrital
Ž .quartz grains BA.2-14.25 m just below the Ban-

gombe RZ come from the FA sandstones in the BA.2´

borehole. Galena inclusions and veinlets in monazite
and zircon come from the conglomerate of the Oklo

Ž .open pit OBD.96-51 . Galena crystals within zircon
in the brecciated sandstone and galena crystal in a
fibrous calcite veinlet come from mineralized FA
sandstones in the near-field of OK84bis RZ
Ž .OBD.96-8 .

4. Analytical procedures

Mineralogical and petrographical features of ac-
cessory minerals and associated alteration phases and
their relationships with galena crystals were deter-
mined for 19 polished thin sections through optical
observation in transmitted and reflected light and

Ž .using a scanning electron microscope SEM with a
Ž .backscattered electron BSE imaging, energy disper-

Ž .sive spectrometer EDS and X-ray mapping.
In situ quantitative elemental analyses were done

with an automated Cameca SX50 electron micro-

Table 2
Instrumental parameters of Cameca SX50 electron microprobe for monazite and zircon analyses

Elts Monazite Zircon

Standards C.T. D.L. Standards C.T. D.L.

Si Orthose 60 40 Zircon 20 80
P KTiPO 10 70 RbTiPO 20 804 4

Ca Wollastonite 20 30 Wollastonite 10 50
Y Garnet 60 130 Garnet 60 40
La LaRu Ge 10 160 – – –2 2

Ce CeRu Ge 10 180 – – –2 2

Pr PrRu Ge 30 200 – – –2 2

Nd NdRu Ge 30 200 NdRu Ge 60 1002 2 2 2

Sm SmRu Ge 30 200 SmRu Ge 80 702 2 2 2

Gd – – – GdRu Ge 80 1002 2

Al – – – Albite 20 50
Mg – – – Olivine 30 50
S – – – SrSO 10 4304

Na – – – Albite 60 40
Rb – – – RbTiPO 60 504

Zr – – – Zircon 10 300
Hf – – – Zircon 30 100
Yb – – – YbRu Ge 80 802 2

Mn – – – MnTiO 20 3003

Fe – – – Hematite 10 60
Pb Galena 80 100 Galena 80 100
Th Thorianite 80 100 Thorianite 80 90
U Uraninite 80 100 Uraninite 80 100

Elts: analyzed elements; C.T.: counting times in seconds; D.L.: detection limits in parts per million.
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Ž . Žprobe EMP analyser Joint Analytical Service,
.Nancy I University, France . An electron beam fo-

cused to approximately 6 mm2 was used. Analytical
conditions for monazite analysis were: 20 nA, 20 kV
for major elements and 100 nA, 30 kV for trace
elements. Analytical conditions for zircon analysis
were: 10 nA, 20 kV for major elements and 100 nA,
30 kV for trace elements. Analyzed elements, stan-
dards used for the calibration of the microprobe,
detection limits and counting times are reported in
Table 2. Data were processed using the PAP pro-

Ž .gram Pouchou and Pichoir, 1984 . To detect even-
tual contamination by galena, S was always mea-

Žsured and only analyses with no detected S the
.detection limit was 0.043 wt.% of S were used for

this study.
The chemical composition of the FA sandstones

and FB pelites and sandstones was determined using
ICP-AES for major elements and ICP-MS for trace
elements, following a procedure described by Govin-

Ž .daraju and Mevelle 1987 .
To determine the origin of lead in galena inclu-

sions and veinlets in accessories and in native lead,
in situ Pb isotope analyses were conducted using a
Cameca IMS1270 ion microprobe located at the

ŽSwedish Museum of Natural History, Stockholm the
.NORDSIM facility . Thin sections were selected and

Žprepared cleaned and coated with ca. 25 nm of
.gold . For ca. 5-mm-large galena crystals and inclu-

sions, as well as for the native Pb sample, a 4–5 mm
Ž . yca. 20 pA large beam of primary O ions was used2

to sputter the secondary ions off the sample. A single
electron multiplier was used in ion counting mode to
measure the secondary ion beam intensities in the

Ž . Ž . Ž .mass switching sequence: 204 Pb , 206 Pb , 207 Pb ,
Ž . 206 q208 Pb . The counting rate of Pb ions from

galena, with a 20 pA primary beam, was ca. 5=105

cps. The mass resolution was set to 5600 and the
uncertainties given on the measured ratios were 1s
standard errors. For the relatively low analytical
precision in measured isotope ratios, there is a negli-
gible mass fractionation associated with the sputter-
ing process. Indeed, no systematic Pb isotope mass
discrimination could be observed under the operating

Ž .conditions adopted by Compston et al. 1984 and
Ž .Belshaw et al. 1994 . Mass discrimination less than

0.1% amuy1 has been reported for a Cameca ims1270
Ž .Harrison et al., 1995 . Even the larger mass discrim-

ination of 0.2% amuy1, reported by Cathelineau et
Ž .al. 1990 for a Cameca IMS3 f , is not resolvable for

the data presented here. Thus, no correction for
instrumental mass fractionation has been made for
the measured Pb ratios.

5. Results

5.1. Monazite

Rounded, discrete grains of monazite in sand-
Žstones are generally accepted as detrital Roscoe,

Fig. 3. BSE images of monazite and associated alteration phases:
Ž . Ž . ŽA unaltered monazite Mnz from the BA.2 drill core y273.39
. Ž .m with rare corrosion pits; B highly corroded monazite crystals

Ž . Ž .from the BA.2 drill core y273.39 m ; C strongly corroded
Ž .monazite crystals mixed with a fine Th-silicate phase ThorHutt

Ž . Ž .from BA.2 drill core y22.95 m ; and D Th-silicate xenomor-
Ž .phic phase with a composition close to thorite or huttonite

Ž . Ž .ThrHutt from BA.2 drill core y65.34 m , with a very porous
structure, located in intergranular spaces between the quartz grains
of the sandstones.
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.1969 . More than 90% of monazite crystals are
dissolved to variably extend in the coarser-grained
sandstones, but independently of the distance with
the RZ. Moreover, the intensity of monazite alter-
ation process increases in the center of the basin and
with depth because of the higher abundance of Th-
silicate alteration phase in GR samples. As shown in

Ž .backscattered electron images Fig. 3 , the least mod-
ified grains contain isolated, partially euhedral grains
identified by energy dispersive microprobe analysis

Ž .as a Th-silicate phase ThorHutt . Table 3 presents
geochemical data obtained on monazite by electron
microprobe.

Step 1 is represented by unaltered monazite with
Ž .rare dissolution cavities Fig. 3A . Unaltered detrital

monazites present a predominant huttonitic substitu-

Ž .tion up to 20% and a very limited cheralitic substi-
Ž .tution Fig. 4 . They have ThrU of about 18.6 and

Ž .ThrLa of about 0.33 Table 4 . Strongly corroded
monazite crystals are intimately mixed with fine

Ž . Ž .Th-silicate aggregates Step 2 Figs. 3B–C and 4 .
ŽWhen monazite crystals are completely altered Step

.3 , the residual Th-silicate phase, with very low
concentrations of P and REE, may mimic the shape
of the former crystals or may occur as independent
xenomorphic porous aggregates in intergranular loca-

Žtion between corroded detrital quartz grains Fig.
.3D . More than 90% of the Th-silicate phase corre-

sponded to the huttonite component. The low totals
of oxides obtained from microprobe analysis of the
Th-silicate phase are due to its hydroxylation during

Ž .metamictisation and its porous texture Fig. 4 . Th-

Table 3
Ž . Ž . Ž . Ž . Ž . Ž .Representative chemical analyses wt.% oxides for: 1 a detrital unaltered monazite step 1 ; 2 a residual Th-silicate phase step 3 ; 3 a

Ž .zircon core; and 4 an altered zircon rim

1 2 3 4

SiO 1.17 13.80 31.36 25.662

P O 27.45 4.85 0.226 1.4372 5

CaO 0.718 2.749 0.273 0.777
Y O 0.787 2.077 1.077 1.2342 3

La O 15.593 0.119 – –2 3

Ce O 29.620 3.500 – –2 3

Pr O 2.031 0.175 – –2 3

Nd O 10.302 0.637 0.156 0.3272 3

Sm O 1.830 0.328 0.060 0.2532 3

Gd O – – 0.149 0.4182 3

Al O – y0.379 1.6112 3

MgO – – 0.012 0.024
SO – – n.d. 0.3793

Na O – – n.d. 0.0262

Rb O – – 0.098 0.1012

ZrO – – 62.67 53.372

HfO – – 1.290 1.2492

Yb O – – 0.126 0.1252 3

MnO – – 0.064 0.333
FeO – – 0.402 0.664
PbO 0.806 0.112 n.d. 0.366
ThO 5.418 51.870 0.282 4.1352

UO 0.253 0.552 0.123 0.2202

Total oxides 97.43 82.41 98.35 91.17
ThrLa 0.33 449.2 – –
ThrU 21.35 93.68 2.29 18.74

Ž .LREE PO 93.4 11.1 – –4
Ž .Ž .UqTh SiO 5.0 80.3 – –4

Ž . Ž .Ca UqTh PO 1.6 8.6 – –0.5 0.5 4

n.d. — not detected.
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Ž . Ž .Fig. 4. Composition of monazite and alteration phases three steps in the monazite–cheralite–huttonite diagrams: 1 non-altered detrital
Ž . Ž .monazite; 2 highly corroded monazite crystals mixed with a Th-silicate phase; and 3 Th-silicate residual phase after complete corrosion

of monazite crystals.

silicate phases have ThrU ratios close to 88.7 and
Ž .ThrLa up to 44.9 Table 4 .

The occurrence of uranium-bearing organic matter
together with Th-silicates in altered monazite crys-
tals indicates that the alteration occurs prior to hy-
drocarbon migration and is probably contemporane-

Ž .ous with the early diagenesis Fig. 5A . Principal

multicomponent analysis performed on major and
trace elements of altered monazite aggregates shows

Ž .that leaching of P and light rare earth element LREE
during monazite alteration is simultaneous with Si,
U, Th, Pb, Ca and HREE relative enrichment. The
lead increase is related to the formation of galena in
dissolution cavities of monazite. HREE enrichment

Table 4
Ž . Ž . Ž Ž .Th, La, LREE, U and P contents of the minerals wt.% and whole rocks ppm n: number of analyses, "1s standard deviation

Th La LREE U P ThrLa ThrU

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Monazite ns94 4.04 "0.62 12.3 "3.2 48.8 "4.3 0.22 "0.04 11.8 "1.48 0.33 "0.09 18.6 "3.8
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Th-silicate ns27 43.1 "5.9 0.96 "0.32 5.14 "1.45 0.49 "0.06 2.31 "0.92 44.9 "9.3 88.7 "25.2

Ž . Ž . Ž . Ž . Ž . Ž .Unaltered Archean 10.4 "4.1 38.7 "12.1 – 2.7 "0.75 0.05 "0.015 0.27 "0.04 3.46 "0.86
and Proterozoic

ametasediments
Ž .ns104

bUnaltered FB pelites 11.25 44.9 178.5 2.6 0.03 0.27 4.49
Ž .ns2

Ž . Ž . Ž . Ž . Ž . Ž .Unaltered fine-grained 4.29 "0.7 16.8 "3.9 85.4 "0.7 1.67 "0.25 – 0.26 "0.02 3.03 "0.92
bFB and FA sandstones

Ž .ns5
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Altered coarse-grained 47.1 "18.8 36.2 "14.1 137 "52 3 "1.2 0.02 "0.005 1.14 "0.15 14.2 "6.4

bFB and FA sandstones
Ž .ns15

a Ž . Ž . Ž . Ž .Data are taken from a compilation of Ribeiro 1999 , Mc Lennan and Taylor 1979 , Mc Lennan et al. 1995 , Gibbs et al. 1986 ,
Ž . Ž .Fayek and Kyser 1997 , Fedo et al. 1996 .

b Ž .Data from the present work neutron activation; Raimbault, personal communication; and ICP-MS .
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Ž . Ž . Ž . Ž .Fig. 5. BSE images showing: A organic matter MO surrounding Th-silicate phase Th issued from monazite Mnz alteration in FA
Ž . Ž . Ž . Ž . Ž . Žsandstones Qzd: detrital quartz BA.2-400.23 m sample ; B galena Ga veinlets as white domains in monazite Mnz OBD.96-51

. Ž . Ž . Ž . Ž .sample ; and C monazite Mnz with galena inclusions Ga OBD.96-51 sample .

may correspond to a xenotime substitution in the
Th-silicate phase. Ca enrichment appears to be better
correlated with Pb and the Th-silicate phase. How-
ever, this enrichment may be secondary relative to
the monazite alteration episode because the structure
of the newly formed Th-silicate phase is very porous.
Numerous altered monazite crystals contain galena
inclusions either disseminated in the altered zones or

Ž .occurring along cracks Fig. 5B–C . This phe-
Žnomenon is observed only relatively near a RZ sam-

.ple OBD96-51 from Oklo open pit .

The distribution of U–Th–Pb chemical ages of
Ž .unaltered monazite Step 1 calculated with the

Ž .method of Montel et al. 1996 using U, Th and Pb
contents and 235U–238 U–232 Th radioactive decay
constants is shown in Fig. 6. The statistical mode
Žthe more repeated value obtained for pure monazite

.samples is 2.51"0.05 Ga. Ages of 2.7 up to 2.9 Ga
are only preserved in few monazite crystals. A series
of ages between 1.6 and 2.4 Ga corresponds to
brighter zones of monazite located near dissolution

Ž .cavities points 4, 5 and 6; Fig. 3A .

Ž .Fig. 6. Histogram of U–Th–Pb chemical ages of monazite step 1 from the FA sandstones and conglomerates using the Montel et al.
Ž . Ž1996 equation. Bars represent the ages of important geological events occurring in the area for comparison compilation by Gauthier-Lafaye

. Ž . Žet al., 1996 . These ages are lower than U–Pb discordia ages 2.87 Ga obtained on zircon cores by SHRIMP measurements see Fig.
.10a–b .
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5.2. Zircon

Zircon crystals display weakly fractured cores
without galena inclusions and strongly fractured rims
with several growth zones presenting large variations
of average atomic number and numerous galena

Ž .inclusions Fig. 7 . The proportion of galena in
Ž .zircon ranges between 2 and 14 vol.% Fig. 7 . A 2D

estimation of the galena area in a single zircon has
been extrapolated at 3D by measurements on differ-
ent sections. The chemical composition of the core
corresponds to nearly pure zircon. The rims and the

Ž . Ž .Fig. 7. BSE images of: A a zircon Zrn located in a conglomer-
ate rich in accessory minerals, close to the unconformity with the

Ž .basement BA.2-945m sample . The core is dark, weakly fractured
Ž .and devoid of galena inclusions Ga . The rim, with several

growth zones, is brighter nearly idiomorphic ZrrREE–SirP phase
containing galena inclusions. Galena inclusions correspond to the
brightest spots. Pb–Th–U contents measured by electron micro-

Žprobe give anomalous chemical ages equation of Montel et al.,
. Ž .1996 ; B and C the two extreme cases of galena inclusions

Ž . Ž .content 2–14 vol.% in zircon crystals Zrn , respectively, from
OBD.96-51 and BA.2-945 m samples.

Ž .Fig. 8. Diagram showing: 1 the variation of Si vs. the sum of Zr
Ž . Ž .and Hf black circles and 2 the variation of P vs. the sum of

Žfour major REE analyzed in zircon: Nd, Sm, Gd and Yb grey
.crosses . A Si–P octahedral substitution and a ZrrHf–REE tetra-

hedral substitution in the external growth zones of studied zircons
are observed.

cracks are enriched in Nd, Sm, Gd, P, U, Th and Pb
Ž .Table 3 . The chemical composition of this zone is
interpreted as resulting from an alteration episode
with PmSi tetrahedral substitution and Nd, Sm, Gd,

Ž .YbmZr, Hf octaedric substitution Fig. 8 .
The decrease of ZrqHf in the alteration rims

also corresponds to a decrease in the total of oxides,
probably caused by metamictisation related to higher
U and Th contents and hydroxyl groups incorpora-
tion.

Zircon cores are generally poor in Th and U
Ž .ThrU;2.3 that generally are below the analytical

Ž .detection limit of 90 ppm Table 2 , whereas zircon
rims are enriched in Th and U with higher ThrU

Ž . Ž .ratios 18.7 Table 3 . No differences appear be-
tween zircons from near RZ or far from them.

5.3. Whole rock data

In order to evaluate quantitatively element loss
from the host sandstones during monazite alteration,
whole rock analyses have been performed and com-
pared to the data on the Francevillian series at

Ž .Okelobondo obtained by Raimbault 1998 and nu-´
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merous Archean and Proterozoic metasediments in
Ž .the world Table 4 . FA and FB fine-grained sand-

stones, in which monazite is not altered, and FB
pelites of the Franceville basin have similar whole

Ž .rock ThrLa ratios 0.26–0.27 as the Archean and
Proterozoic quartzites and shales all over the world
Ž .Table 4; Fig. 9 . FA and FB coarse-grained sand-
stones present ThrLa ratios ranging from 0.97 to
1.48 according to the degree of monazite alteration
Ž . Ž .around 1.14 in average Table 4; Fig. 9 . Higher
ThrLa of altered sandstones cannot be explained by
a difference in the nature of the Th and LREE host
minerals prior to alteration — mostly monazite in
coarse-grained sandstones and mostly adsorbed on
clay minerals in finer-grained sandstones and pelites

Ž .— because: i Archean and Proterozoic quartzites
and shales present the same low average ThrLa

Ž .ratios all over the world and ii the few unaltered
coarse-grained sandstones rich in monazite show also
similar low ThrLa ratios. This alteration has leached

Fig. 9. Comparison of the ThrLa ratios between coarse-grained
silicified sandstones of the FA and FB formations, shales and

Ž .fine-grained sandstones from the Franceville basin present study
and quartzites and shales from several Archean and Proterozoic
sedimentary basin. ) Data are taken from a compilation of Ribeiro
Ž . Ž . Ž .1999 , Mc Lennan and Taylor 1979 , Mc Lennan et al. 1995 ,

Ž . Ž .Gibbs et al. 1986 , Fayek and Kyser 1997 and Fedo et al.
Ž .1996 .

La, hence LREE, essentially from detrital monazite
crystals from FA and FB coarse-grained sandstones.

5.4. U–Pb and Pb–Pb isotope data

SHRIMP U–Pb dating of cores of detrital zircon
crystals was conducted to put time constraints on the
age of zircon crystallization in the basement. U–Pb

Ž .zircon data from deep BA.2 65.34 and 400.23 m
Ž .and GR.1 589.1 and 716.4 m FRZ borehole sam-

ples are reported in Table 5. These data are used to
plot two discordias with upper intercepts ranging
from 2865"51 to 2867"24 Ma, respectively, for

ŽBA.2 and GR.1 samples, at 95% confidence Fig.
.10 . Thus, zircon cores crystallized around 2.87"

0.05 Ga.
SIMS Pb isotope analyses of galena inclusions

and veinlets in zircon and monazite, zircon, mon-
azite, sulfides and native lead were conducted to put
isotopic constraints on the origin of Pb and the
timing of galena crystallization in relation to the

Ž .monazite and zircon alteration Fig. 11 . Pb isotope
Ždata from NRZ samples BA.2-14.25 m near BA.2

RZ-Bangombe, OBD.96-8 near OK84bis RZ-´
.Okelobondo and OBD.96-51 near RZ 7-8-9-Oklo´

are given in Tables 6 and 7. Pb data from galena are
plotted in a 207Pbr206 Pb vs. 204 Pbr206 Pb diagram in

Ž .which data form two well defined groups Fig. 12 .
Near the uranium deposits, the 5-mm-large crystal

of native lead, occurring inside As–Ni–Co–Fe sul-
fides from the NRZ BA.2-14.25 m sample, has a

Ž204 206 .very radiogenic Pb Pbr Pbs0.00062 . En-
closing sulfides present a slightly higher 207Pbr206 Pb
than the native lead. Galena inclusions in zircon
NRZ OBD.96-8 have also a highly radiogenic lead

Ž204 206 .isotopic composition Pbr Pb down to 0.00014 ,
207 206 Ž .and low Pbr Pb ca 0.13 , whereas galena in-

clusions in samples NRZ OBD.96-51 have a less
Ž204 206 .radiogenic lead Pbr Pb mins0.00076 , as

207 206 Ž .well as a higher Pbr Pb ca 0.17 . Similar
values were also obtained for the zircon and mon-
azite matrix surrounding galena inclusions. It should
be noted that 2s errors on analyses in altered zircon
and monazite are higher than for galena inclusions,
and that the 204 Pbr206 Pb on average is ca. 10%
lower.

Far from the uranium deposits, galena inclusions
Žand veinlets from the FRZ borehole samples BA.2-
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Table 5
Ž .U contents and U–Pb isotopic ratios of zircon cores SHRIMP analysis

207 206Number Depth U "1s Pbr "1s Pbr "1s Age 206r "1s
235 238Ž . Ž .m ppm U U 238

GR.1-1 589.1 118.3 5.62 15.569 0.464 0.555 0.022 2846 101
GR.1-2 589.1 116.2 3.35 15.403 0.638 0.557 0.030 2856 137
GR.1-3 716.4 66.4 4.54 16.121 0.424 0.552 0.027 2834 126
GR.1-4 716.4 386.0 34.19 11.579 0.797 0.440 0.042 2351 234
GR.1-5 716.4 442.4 42.01 8.561 0.724 0.329 0.037 1833 235
GR.1-6 716.4 89.4 2.09 12.766 0.674 0.458 0.029 2430 146
GR.1-7 716.4 117.3 3.37 8.303 0.073 0.290 0.014 1639 77
GR.1-8 716.4 206.7 11.41 9.291 0.718 0.336 0.028 1868 160
GR.1-9 716.4 242.3 10.06 10.568 0.873 0.375 0.035 2054 205
GR.1-10 716.4 129.2 2.41 16.637 0.521 0.581 0.026 2951 117
GR.1-11 716.4 191.8 13.97 13.558 0.925 0.475 0.052 2507 293

BA.2-1 400.23 217.4 9.95 11.476 0.739 0.389 0.030 2118 163
BA.2-2 400.23 2283.9 170.11 1.067 0.114 0.058 0.009 363 75
BA.2-3 400.23 6644.1 462.03 0.100 0.005 0.010 0.002 62 14
BA.2-4 400.23 378.8 8.06 11.535 0.443 0.424 0.020 2279 102
BA.2-5 400.23 197.3 10.35 11.755 0.656 0.418 0.027 2252 144
BA.2-6 400.23 941.4 39.12 1.002 0.067 0.051 0.006 318 48
BA.2-7 400.23 7044.1 502.20 0.097 0.012 0.010 0.002 64 17
BA.2-8 400.23 112.3 8.94 8.999 0.900 0.325 0.039 1816 247
BA.2-9 65.34 481.6 19.46 10.440 0.414 0.380 0.025 2076 133
BA.2-10 65.34 179.1 7.36 12.795 0.804 0.444 0.039 2366 210
BA.2-11 65.34 559.7 33.81 8.691 0.232 0.335 0.027 1865 156

.65.34 m and BA.2-570.57 m have non-radiogenic
Pb isotopic compositions, similar to common Pb of
average crust. They have 204 Pbr206 Pb between 0.047
and 0.055. This composition is found in both galena
inclusions and the surrounding altered zircon. Since
zircon normally has very radiogenic Pb composi-
tions, this indicates that the major part of the Pb is
not produced in situ, and therefore has an external
origin. Epigenetic galena in a conglomerate at 570 m

Ž206have Pb with somewhat higher radiogenic Pbr
204 . 207 206 Ž .Pb;21 and lower Pbr Pb ca. 0.76 . The
2s errors on 204 Pbr206 Pb are around 1%, but for
Apyrite–galena intergrowthB, the error is almost 3%.
These errors cause the error envelope around a plot-
ted AisochronB to cover almost all of the Stacey and

Ž .Kramers 1975 growth curve, as well as very large
errors on calculated model ages. Thus, FRZ Pb data
cannot give any clear age determinations, but possi-
ble interpretations are discussed in Section 6.4.

The Pb–Pb results show clearly that galena NRZ
and FRZ have different sources. The very radiogenic
composition NRZ implies that Pb came either from

the uranium deposit in the surrounding rocks, or
from monazite and zircon. Common Pb FRZ, on the
other hand, implies that the source is not the uranium
ore, but rather a source more similar to average
crust.

6. Discussion

Although LREEs are generally considered immo-
bile, several studies have shown that LREE may be
mobile during hydrothermal alteration of igneous

Žrocks under specific conditions Mc Lennan and
Taylor, 1979; Alderthon et al., 1980; Jefferies, 1985;

.Wood and William-Jones, 1994 . In clastic sedi-
Ž .ments, according to Smith and Barreiro 1990 ,

Ž . Ž .Naudet 1991 , Akers et al. 1993 and Kingsbury et
Ž .al. 1993 , monazite, which represents by far the

main LREE-bearing phase, would be altered during
diagenesis and very low-grade metamorphism. But
the alteration reaction has never been clearly ob-
served in these studies. However, detrital monazite
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Fig. 10. Plots of 206 Pbr238 U vs. 207Pbr235U of zircon cores from:
Ž . Ž . Ž .a deep GR.1 589.1 and 716.4 m FRZ samples and b BA.2
Ž .65.34 and 400.23 m FRZ samples. Data point error ellipses are
1s .

Ž .Ž .dissolution and partial replacement by U,Th SiO4

have been described in conglomerates from the
Ž . ŽQuirke U-ore zone of Elliot Lake Canada Robin-

.son and Spooner, 1984 or from the Witwatersrand
Ž . ŽAu–U system South Africa Schidlowski, 1981;
.Dimroth, 1979 . But, these studies gave no evalua-

tion of an eventual REE leaching from the whole
sedimentary rock system during monazite alteration.

On the Oklo example, we will now quantify the
magnitude of LREE and U migration and determine
the nature of the fluids involved in this process at the

Ž .scale of heavy mineral alteration micrometer scale

Žand at the scale of the whole rock alteration kilome-
.ter scale .

6.1. Accessory minerals alteration, element mobility
and trapping phases

Our study clearly shows that monazite and zircon
alteration did occur at the scale of the Franceville
basin mainly in the coarser-grained FA sandstones.

Fluid circulation in the vicinity of radioactive
Ž .minerals especially zircon is enhanced due to mi-

crofissures caused both by radiation damage in the
surrounding rock and volume increase following hy-
dration of the metamict mineral. These microfissures
may represent preferential channels for circulating
fluids. Our study has also evidenced that monazite
alteration is characterized by the leaching of P and U
together with LREE. Th and a small amount of
LREE remain essentially in situ both are recombined
with Si brought by the alteration fluid together with
a small amount of HREE. During monazite alter-
ation, Th is considered as an immobile element.
However, a very thin layer of a Th-silicate phase
Ž .Fig. 13C–D deposited at the surface of a single
zircon crystal from FA sandstones may indicate a
very limited mobility of thorium during the alteration
process. Pb and Ca enrichments are also observed,
but are not necessarily contemporaneous with this
alteration.

Altered zircons are also found both near and far
from any RZ. Bright zones corresponding to zircon
rims contain more Th and U and probably are
metamict. Ca, P, Nd, Sm, Gd, Yb, Fe, Ti and Y have
been incorporated into the rims. No chemical differ-
ence is observed between these rims and veinlet
infillings. Zircon leaching has only allowed the re-

Žlease of low quantities of Si and Zr in brines respec-
tively, 6 wt.% SiO and 10 wt.% ZrO deduced2 2

from the difference of average contents in zircon
.core and zircon rim; Table 3 . Galena inclusions and

veinlets are mainly observed in the altered rims of
the zircon crystals in the FA sandstones. A zircon
crystal with an average U content of about 1000 ppm
and 2500 ppm of Th will have after 2.87 Ga less
than 1000 ppm Pb. As the proportion of galena in

Ž .zircon may exceed 2 vol.% up to 14 vol.% Fig. 7 ,
we come to the important conclusion that the lead
has to derive from external sources. From the num-



( )R. Mathieu et al.rChemical Geology 171 2001 147–171 161

bers above, Pb produced in situ is at maximum ca.
Ž .3% maximum 0.1 wt.% of the total amount of Pb.

Other arguments favor an external origin for Pb of
Ž .galena: i small galena crystals may occur between

detrital quartz grains in brecciated sandstones, near
Ž . Ž .zircon Zrn3 Fig. 11D and ii euhedral galena

crystals were observed in fibrous calcite veinlets
Ž .Fig. 11F .

The phosphate released from monazite dissolution
has been trapped in several secondary phosphate

Žminerals florencite, apatite, hydroxyapatite, zir-
.conophosphate, etc. in all FA sandstones, both near

and far from reactor zones. The interstitial phase of
the FA sandstones contains idiomorphic fluorapatite
crystals. Part of the P and LREE leached from
monazite are trapped locally in florencite microcrys-
tals surrounded by authigenic chlorite in mineralized

Ž .FA sandstones Fig. 13B . Several evidences of
Ž . ŽU,Zr -silicate phase trapped in chlorite fibers Fig.

.13A of the chlorite–quartz veins, overall the FA
sandstones, are another arguments in favor of Zr
mobility during vein infilling by diagenetic fluids.

Ž .Similarly, Raimbault et al. 1996 have found a
Ž .secondary xenomorphic Zrr Y,Sc,U,Ca,LREE -SirP

Ž .phase in FA sandstones. Janeczek and Ewing 1996b
have described Zr–Si–LREE-rich fluorapatite with
hematite inclusions. Below the Bangombe RZ,´

Ž .Janeczek and Ewing 1996a have described P–S–
LREE-rich coffinite.

Ž .All petrographic relations: 1 alteration of acces-
Ž .sories occurring before organic matter migration; 2

Ž . Žquartz filling; and 3 secondary phases hydroxy-
fluoapatite, zirconosilicate, zirconophosphate, Th-

.silicate crystallization confirm that early diagenesis
was the main process responsible for LREE, P, Zr
and U leaching overall the Franceville basin before
the mineralization and criticality. Galena could be
crystallized, with external Pb, in altered zones of
accessory minerals simultaneously or later than the
alteration.

6.2. Nature of fluids responsible for the leaching of
U, LREE, P, Zr and Si

As no LREE- and P-bearing mineral was newly
formed in the vicinity of dissolved monazite crystals,
LREE and P seem to have been extensively leached
out by diagenetic fluids. The diagenetic fluids corre-

Žspond to highly saline from 28.7 wt.% NaCl eq. to
.30 wt.% CaCl eq., rich in Li–Br–SO brines2 4

Ž . Ž .135–1558C at 1000 bar Mathieu et al., 2000 .
During the early diagenesis, these highly saline dia-
genetic brines have partly to completely altered ac-
cessory detrital minerals. Because they are responsi-
ble for the ThrU increase, these fluids must have
been oxidizing in order to leach U together with P
and LREE from monazite. Similar temperature con-
ditions were given by Gauthier-Lafaye and Weber
Ž .1989 who have shown that NaCl-dominated brines
from the Franceville basin have interacted with sand-
stones and clays at maximum temperatures around
140–1508C. Consequently, uranyl chloride com-
plexes may be important in the leaching of uranium.
Zircon solubility is increased in F-rich basinal brines
Ž .Rubin et al., 1993 . In the Franceville basin, F may
originate from chloritization of biotites from the
Archean basement andror from the sandstones detri-
tal phases during early diagenesis.

The fluids deriving from accessories alteration
contain uranyl phosphate complexes because mon-
azite alteration released P together with LREE and U
into solution. Moreover, the crystallization of fluora-
patite in vuggy quartz–iron hydroxide veins and
florencite in FA sandstones indicates the presence of
P and F in basinal brines.

The alteration stopped when low saline fluids,
Žheated to 190–2108C in the basement Mathieu et

.al., 2000 , were injected into the basin. These fluids
caused intense silification which reduced the poros-
ity significantly and hindered further fluid circula-
tion.

6.3. Magnitude of the LREE and U migration

A quantitative estimation of the leaching of LREE
and U from the FA formation presenting monazite
alteration can be obtained by taking Archean and
Proterozoic metasediments from the literature as a
reference and Th as an immobile element. La was
chosen to be representative of the LREE content of
the rock assumed to be completely held in monazite.
This hypothesis is supported by the fact that the
average ThrLa ratio of non-altered monazite
Ž .ThrLa;0.33; Table 4 in the FA sandstones is
close to that of the FA and FB fine-grained sand-
stones and FB pelites of the Franceville basin area
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and to the average ThrLa ratios of the Archean and
Proterozoic quartzites and shales from the literature
ŽMc Lennan and Taylor, 1979; Mc Lennan et al.,
1995; Gibbs et al., 1986; Fedo et al., 1996; Fayek

.and Kyser, 1997; Ribeiro, 1999 . FA and FB fine-
grained sandstones, in which monazite is not altered,
and FB pelites of the Franceville basin have similar

Ž .whole rock ThrLa ratios 0.26–0.27 as the Archean

and Proterozoıc quartzites and shales all over the¨
Ž .world Table 4; Fig. 9 . FA and FB coarse-grained

sandstones and conglomerates present ThrLa ratios
ranging from 0.97 to 1.48 according to the degree of

Ž . Žmonazite alteration 1.14 in average Table 4; Fig.
.9 . Higher ThrLa of altered sandstones cannot be

explained by a difference in the nature of the Th and
LREE host minerals prior to alteration — mostly

Ž . Ž .Fig. 11. BSE images and reflected light photomicrographs showing the location of: A and B galena veinlets Ga analyzed with ion
Ž . Ž . Ž . Ž .microprobe OBD.96-51 sample ; C, D and F galena inclusions Ga analyzed with ion microprobe in zircon crystals Zrn1 and Zrn3 and

Ž . Ž . Ž . Ž . Žfibrous calcite veinlet OBD.96-8 sample ; E galena inclusions Ga analyzed with ion microprobe in zircon crystals Zrn BA.2-65.34 m
. Ž . Ž . Ž .sample ; G native lead surrounding by polymetallic sulfurs BA.2-14.25 m sample analyzed with ion microprobe; and H epigenetic
Ž . Ž . Ž .galena Ga in pyrite crystals Py analyzed with ion microprobe BA.2-570.57 m sample .
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Ž .Fig. 11 continued .

monazite in coarse-grained sandstones and mostly
adsorbed on clay minerals in finer-grained sand-

Ž .stones and pelites — because: i Archean and Pro-
terozoic quartzites and shales present the same low

Ž .average ThrLa ratios all over the world and ii the
few unaltered coarse-grained sandstones rich in mon-
azite also show similarly low ThrLa ratios. Taking a
ThrLa ratio of 0.27 as the initial ratio of altered
sandstones, the magnitude of the LREE depletion in
the FA sandstones can be calculated.

A balanced volume of coarse-grained FA and FB
sandstones concerned by the LREE leaching in the
Franceville basin before U mineralization has been
estimated at about 1850 km3 considering two zones:
Ž . Ž 2 .i a border zone 2000 km and 750 m thick with

Ž .80 vol.% of coarse-grained sandstones and ii a
Ž 2 .central zone 1000 km and 1 km thick with 65

vol.% of coarse-grained sandstones. Assuming a
Ž .density of 2.5 Daly et al., 1966 , the FA sandstones

represent a mass of 4625.109 tons.
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Table 6
Ž .Pb isotopic ratios of galena, native lead, sulfides, zircon and monazite SIMS analysis

207 208 204Number Location Distancer Sample Rock type Mineral Pbr "2s Pbr "2s Pbr "2s
206 206 206RZ Pb Pb Pb

1 OK84bis NRZ OBD.96-8 Sandstoneqpelite Galena 1 0.137 0.002 0.0096 0.0004 0.00020 0.00003
2 OK84bis NRZ OBD.96-8 Sandstoneqpelite Galena in Zircon1 0.130 0.003 0.0089 0.0002 0.00016 0.00002
3 OK84bis NRZ OBD.96-8 Sandstoneqpelite Galena in Zircon 3 0.132 0.002 0.0088 0.0002 0.00014 0.00001
4 Bangombe NRZ BA.2-14.25 m Silicified sandstone Native lead in 0.147 0.001 0.0329 0.0003 0.00062 0.00004

As–Ni–Co–Fe sulfides
5 Bangombe NRZ BA.2-14.25 m Silicified sandstone As–Ni–Co–Fe sulfides 0.152 0.004 0.0292 0.0011 0.00092 0.00010
6 Oklo open pit NRZ OBD.96-51 Conglomerate Galena in crack in zircon 0.169 0.001 0.0573 0.0003 0.00076 0.00002
7 Oklo open pit NRZ OBD.96-51 Conglomerate Zircon surrounding galena 0.170 0.004 0.0603 0.0010 0.00069 0.00021
8 Oklo open pit NRZ OBD.96-51 Conglomerate Galena in crack in monazite 0.167 0.001 0.3116 0.0028 0.00080 0.00005
9 Oklo open pit NRZ OBD.96-51 Conglomerate Monazite surrounding galena 0.167 0.004 1.1850 0.0148 0.00062 0.00010

10 Oklo open pit NRZ OBD.96-51 Conglomerate Galena in monazite 0.163 0.001 0.0661 0.0007 0.00083 0.00003
11 Oklo open pit NRZ OBD.96-51 Conglomerate Monazite with galena 0.170 0.002 0.2157 0.0013 0.00085 0.00004
12 Bangombe FRZ BA.2-65.34 m Sandstone Galena inclusion in zircon 0.844 0.006 2.1750 0.0176 0.05362 0.00067
13 Bangombe FRZ BA.2-65.34 m Sandstone Galena inclusion in zircon 0.842 0.006 2.3030 0.0211 0.05294 0.00060
14 Bangombe FRZ BA.2-65.34 m Sandstone Galena inclusion in zircon 0.852 0.012 2.2180 0.0401 0.05463 0.00058
15 Bangombe FRZ BA.2-65.34 m Sandstone Zircon surrounding galena 0.798 0.005 2.3880 0.0138 0.04943 0.00051
16 Bangombe FRZ BA.2-570.57 m Conglomerate Galena 0.763 0.004 2.8440 0.0231 0.04627 0.00044
17 Bangombe FRZ BA.2-570.57 m Conglomerate Galena 0.765 0.005 2.9060 0.0499 0.04690 0.00093
18 Bangombe FRZ BA.2-570.57 m Conglomerate Galena intergrowth in pyrite 0.770 0.010 2.8340 0.0570 0.04900 0.00139
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Table 7
Calculation of model age with T s1.95 Ga1

207 a 235 207 a,bNumber Pbr "2s Age "2s Ur "2s Reference Pbr "2s Age
206 a 238 206 a,bPb U Pbmeas

1 0.134 0.002 402 56 0.00710 0.00002 Gauthier-Lafaye et al., 1996 0.137 0.002 472 56
2 0.128 0.003 234 80 0.00710 0.00002 Gauthier-Lafaye et al., 1996 0.130 0.003 307 80
3 0.130 0.002 304 52 0.00710 0.00002 Gauthier-Lafaye et al., 1996 0.133 0.002 375 52
4 0.139 0.001 528 15 normal Bros et al., 1995
5 0.140 0.004 551 88 normal Bros et al., 1995
6 0.159 0.001 940 17 0.00678 0.00001 Holliger, 1991 0.170 0.001 1135 17
7 0.161 0.004 981 68 0.00678 0.00001 Holliger, 1991 0.172 0.004 1174 66
8 0.157 0.001 905 28 0.00678 0.00001 Holliger, 1991 0.168 0.002 1102 27
9 0.159 0.004 933 71 0.00678 0.00001 Holliger, 1991 0.170 0.004 1129 69

10 0.153 0.001 816 28 0.00678 0.00001 Holliger, 1991 0.163 0.002 1016 27
11 0.159 0.002 937 29 0.00678 0.00001 Holliger, 1991 0.170 0.002 1132 28

a Ž206 204 .Corrections have been made for common Pb Pbr Pbs15.2 at 1.95 Ga .
b 235 Ž .Corrections have been made for U depletion, from values found in the literature see references .

Th being considered as an immobile element, the
whole rock average ThrLa ratio increase from 0.27

Ž .to 1.14 Table 4 corresponds to the leaching of 76%
of La during monazite dissolution. The average con-
centration of residual LREE of altered sandstones

Ž .was 137 ppm Table 4 . Therefore, at the whole rock
scale, an average of 434 ppm of LREE have been
leached out. Consequently, at the Franceville basin
scale, the global amount of LREE mobilized by

Fig. 12. Plots of 207Pbr204 Pb vs. 204 Pbr206 Pb of galena only.
Ž . ŽOK84-NRZ Near Rector Zone OK84 and RZ7-NRZ Near Reac-

. Žtor Zone 7 have very radiogenic Pb, while BA.2-FRZ Far from
.Reactor Zone, BA.2 borehole has a composition comparable with

average crust. The 2s errors are, if not plotted, smaller or equal
to the symbol size.

diagenetic brines from FA coarse-grained sandstones
represents approximately 2.01=109 metric tons.
Since highly saline diagenetic fluids and detrital
monazite are very common in deep sandstones basins,
such an alteration should be widespread. Thus, if
favorable traps do exist, large LREE deposits have to
be expected in such environments.

In order to estimate the amount of U specifically
released from monazite, taking average U and LREE
contents in non-altered monazite, respectively, 0.22%

Ž . Ž .and 48.8% Table 4 , and 571 ppm 434q137 for
the average concentration of LREE in FA sandstones
before alteration, the average quantity of monazite in

ŽFA sandstones is therefore 1170 ppm 571=
.100r48.8 . Then, the U loss from monazite corre-

Ž .sponds to 1.96 ppm 76%=1170=0.22% . Finally,
the amount of leached U only from monazite repre-
sents approximately 9.06=106 metric tons. This last
result shows that the accessories dissolution process
is largely sufficient to explain the total estimated U

Ž .reserves 41,400 tons of the Franceville basin
Ž .Gauthier-Lafaye, 1986 . Furthermore, other U

Žsources possible detrital uraninites in the FA con-
glomerate, leaching of U-rich phases from the base-
ment if we consider that the diagenetic brines have

.percolated below the sandstones basin may also
have been involved.

A more global estimation of the uranium can also
be made using average ThrU ratio of sedimentary
formations. Accordingly, using the increase of aver-
age ThrU ratios from 3.46 in unaltered metasedi-
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Ž . Ž . Ž . Ž .Fig. 13. BSE images of: A florencite microcrystals Flo located in diagenetic chlorite Chl of mineralized FA sandstones; B a
Ž . Ž . Ž . Ž . Ž .U,Zr -silicate phase white points trapped in chlorite fibers Chl of a chlorite–quartz vein; and C a zircon crystal Zrn surrounding by a

Ž . Ž .brighter zone corresponding to a Th-rich zone Th as seen in D with X-ray image of Th distribution.

ments to 14.2 in altered sandstones and an average
Žresidual concentration of uranium of 3 ppm Table

. 64 , the same calculations give 45.3=10 metric tons
Žof leached uranium from the FA sandstones Table

.4 . It corresponds not only to the leaching of U
bound to monazite crystals, but also from uranium
located in other sites because of the strong difference

Žof ThrU ratio between fresh monazite 18.6; Table
. Ž .4 and non-altered sandstones 3.03; Table 4 . The

estimation is also less reliable than the preceding one

on LREE because the ThrU ratio from sedimentary
rocks may be highly variable compared to the ThrLa
ratios.

6.4. Chronology of the eÕents

6.4.1. Zircon crystallization and leaching of mon-
azite and zircon

The U–Pb dating of zircon cores shows that
detrital zircon in the FA formation has crystallisation
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Ž .ages around 2.87"0.05 Ga Fig. 10 . This is in
good agreement with previous geochronological data
obtained of the Archean basement in the area, e.g.

Ž .2.89"0.04 Ga Rb–Sr ca. 75 km west of Oklo
Ž .Fig. 6; Caen-Vachette et al., 1988 . Similar ages
have been determined by UrThrPb chemical age on

Žnon-altered detrital monazite 2.51"0.05 Ga; Fig.
.6 . They also agree with previous data, assuming that

some Pb loss has occurred. The range of ages be-
tween 2.4 and 1.6 Ga may correspond to a re-equi-
libration during diagenesis andror mineralization.
Moreover, 207Pbr206 Pb ratios of monazite from Oklo

Ž .NRZ 7-8-9 sample OBD.96-51 correspond to ages
Žaround 2.5 Ga single-stage Pb growth; Ludwig,

.1978 . However, these Pb compositions must be
used with caution, since the crystals have been
severely altered, and there is evidence of massive Pb
migrations in and around the reactor zones as shown

Ž .in this paper and by Janeczek and Ewing 1995 .

6.4.2. Pb mobility near the reactor zones
Pb mobility has occurred in and around the RZ

Ž .after their formation Janeczek and Ewing, 1995 .
204 206 Ž .The low Pbr Pb ratios Table 6 obtained on

galena inclusions in zircon and monazite NRZ sug-
gest that the source was rich in U relative to Pb.

ŽConsidering an external origin of Pb see discussion
.in Section 6.1 , the most likely source is the sur-

rounding 2 Ga U deposit. The samples are all located
near RZ, which caused intense heat and hydrother-
mal circulations during criticality at 1.95 Ga. There-

Ž .fore, in the two-stage model Faure, 1986 used for
Žage determinations of these galena crystals T ; see2

.Table 7 , T has been set to 1.95 Ga. There are two1

complications with these age determinations: the
proximity to the reactor zones, and the possible
involvement of radiogenic Pb from monazite and
zircon. The effects of the reactor zones, which are
depleted in 235U, can be estimated by correcting for
the 235U depletion reported in the literature. This
correction is simply a multiplication of the 207Pbr
206 Pb with the ratio of normal 235Ur

238 U to mea-
sured 235Ur

235U. This correction yields older model
ages, as seen in Table 7. Radiogenic Pb from detrital
monazite and zircon should have a 207Pbr206 Pb be-

Ž . Ž .tween ;0.37 2 Ga and ;0.25 0.7 Ga . Assum-
Ž .ing 3% maximum; see Section 6.1 of the Pb comes

from the in situ Pb of this composition, the cor-

rected, slightly lower 207Pbr206 Pb corresponds, on
average, to model ages ca. 100 Ma younger than the
ones reported in Table 7.

Therefore, the interpretation of these ages is that
galena crystallized in zircon and monazite more than
1000 Ma later than the alteration event. The model
ages spread from ca. 1000 Ma down to ca. 300 Ma,

Ž .with an average around 680 Ma Table 7 . These
ages are similar to the ages obtained previously by

Ž .Holliger 1992 , and indicate crystallization of galena
and native lead, sometime after 1000 Ma. The two
complications mentioned above, which might mix
radiogenic Pb of different compositions, could be the
reason for the scattered model ages. However, the
scatter could also be due to the prolonged, regional
heating in the basin in association with the intrusion
of dolerite dykes between 1000 and 750 Ma. There is
also a possibility that there is a second regional event

Žindicated by the alteration of dolerite dykes Weber
.and Bonhomme, 1975; Sere, 1996 . If this is the`

case, uraninite might have suffered Pb loss twice,
which would further complicate the U–Pb system.

6.4.3. Common Pb mobility deep in the basin
The common Pb composition deep in the

Franceville basin, measured in galena inclusions in
Ž .zircon, altered zircon 65 m depth , and epigenetic

Ž .galena 570 m depth indicates that the Pb source is
not the uranium mineralization. The very unradio-
genic composition in the altered zircon is evidence
of its external origin; thus, Pb from external sources
was emplaced in the zircon during or after its alter-
ation. These external sources had Pb compositions
similar to average crust.

One way for interpreting the data, called model
A, is based on the petrographic and geochemical
evidence that monazite and zircon were leached and
dissolved during early diagenesis, which took place
around 2 Ga. In model A, we assume that galena
crystallized at 2 Ga with Pb from ca. 2.9 Ga old
zircon and monazite. Thus, the radiogenic part of Pb
should have a 207Pbr206 Pbf0.37, which is equal to
that produced in zircon, or any U-bearing system,
from 2.9 to 2 Ga. The measured Pb does not have a
radiogenic signature, and a large part of the Pb must
therefore be common Pb. This common Pb, which
was mixed with the radiogenic Pb at 2 Ga, has to
have a very old signature in order to produce the
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207 206 Ž .measured Pbr Pb 0.76–0.84 . If we correct for
initial lead using the Stacey and Kramers Pb compo-

Ž207 204 207 204sition at 3.7 Ga Pbr Pbs11.152, Pbr Pb
.s12.998 , our measured samples will yield radio-

genic 207Pbr206 Pb in a range from 0.33 to 0.38,
which is similar to what we would expect from the
local zircon crystals at that time. Following model A,
we see that common Pb in galena must come from
two sources. The first would be a very old part of the

Ž .basement ;3.7 Ga which was leached of its initial
Ž .lead ;3.7 Ga old Pb minerals during the fluid

circulations around 2 Ga. The second source would
be radiogenic Pb produced in zircon and monazite,
which were leached at ca. 2 Ga. There would have
been no contribution from the 2.9 Ga old basement
or host rock to the leached accessories during these
events.

Thus, model A requires the interaction of a very
old basement containing a ;3.7 Ga old Pb reser-
voir, which has never been described in the litera-
ture. The oldest age of Archean crust in Gabon

Ž .reported in the literature is 3186"75 Ma Rb–Sr
Ž .Caen-Vachette et al., 1988 from a gneiss in the
North Gabon massif, some 300 km NW of Oklo. It
also requires a process which would leach only

Ž .isolated, initial Pb sPb minerals from this old
basement. There is also a need to explain how galena
can crystallize during conditions that leach U from
zircon and monazite.

Therefore, we have to consider another model,
called model B, in which we assume that galena
crystallization occurred sometime later than 2 Ga.
The arguments against this model are that the
Franceville basin was highly silicified after the dia-
genesis and mineralization, which reduced the poros-
ity of the sandstone. Also, description of any event
of element mobility later than 2 Ga, in the deep parts
of the FA formation, is lacking in the literature.

However, Pb mobility has occurred in the ura-
nium deposits and reactor zones later than 1000 Ma
ŽJaneczek and Ewing, 1995; Gauthier-Lafaye et al.,

.1996 , due to the intrusion of a dolerite dyke swarm
at 1000–750 Ma. Thus, we see that there is at least
one possible time for galena crystallization after
1000 Ma. There was also a later chloritization of
these dykes, proposed to have occurred around 500

Ž .Ma by Weber and Bonhomme 1975 , but the effect
of this alteration event overall the Francevillian basin

is not known. The question is if our Pb isotope data
are compatible with galena crystallization after 1000
Ma. The regressed line through the galena samples
on a normal 207Pbr204 Pb vs. 206 Pbr204 Pb diagram
has a slope of ca. 0.23, and cuts the Stacey and

Ž .Kramers 1975 growth curve at ;2880 and ;540
Ma. Unfortunately, the error on this AisochronB is
too large for any reasonable age determination. As-
suming that initial Pb is Pb that was put into the
basement when it formed, we can calculate galena
model ages. Correcting for initial Pb with composi-
tion 207Pbr204 Pb s 14.469 and 206 Pbr204 Pb s

Ž13.169 Stacey and Kramers, 1975 Pb at T s2.91
.Ga , these ages range from 803 to 253 Ma, with very

large errors. Two galena model ages with 2s errors
Žless than 50% yield ages of 803"392 Ma no. 13;

. Ž .Table 6 , and 591"195 Ma no. 16; Table 6 .
Even if the AisochronB and the model ages have

very large errors, they indicate a time of galena
crystallization later than 1000 Ma, if the Pb was
withdrawn from a U–Pb system that formed at ;2.9
Ga. Thus, model B can explain the observed Pb
compositions, and it involves known geological
events and formations: the basement and the dolerite
dykes. Following model B, galena in zircon and
monazite was crystallized during the same period
both in the uranium ores and far from them. Model B
involves a simplified U–Pb system and eliminates

Ž .the need in model A for an unknown, ;3.7 Ga
old, Pb reservoir. Also, it eliminates the need to
explain the simultaneous leaching of U and crystal-
lization of galena in the accessories.

Considering the advantages and weaknesses of
models A and B, we conclude that galena crystalliza-
tion was a secondary process occurring in already
altered accessories, as well as in the host rock.
Sometime after 1000 Ma, around the time of the
dolerite dyke intrusions, galena crystallized both in
the U ores and deeper down in the Franceville basin.

7. Conclusions

Most of previous works on Oklo have been fo-
cused on the near field of reactor zones. These
studies have evidenced migration and incorporation
of fissiogenic Zr, REE, Nd, Cs, Sm, Sr and Pu, U,
Th in several accessory minerals. The present work
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has extended these studies to the far field to evaluate
the magnitude of the migration of some elements
Ž .REE, Th, U, Zr and Pb which represent natural
analogs of the radiotoxic nuclides. It is shown that
accessory minerals present different retention capaci-
ties for the actinides and lanthanides. Monazite is
extensively dissolved and zircon is altered to a lesser
extend.

During early diagenesis, the alteration concerns
accessory-rich layers in the coarse-grained FA sand-
stones all over the Franceville basin. At that time,
the circulation of highly saline and oxidizing brines
is responsible for monazite dissolution and leaching
of LREE, U and P and the strong increase of the
ThrU ratios from monazite to newly formed Th–
OH-silicate. The high chloride concentration of the
brines suggests a complexation of REE and uranium
by chlorides. But, the simultaneous dissolution of
LREE, U and P during monazite alteration and the
crystallization of fluorapatite and florencite in other
parts of the basin indicate that phosphate and fluo-
ride complexes may have also played an important
role in the transportation of uranium and rare earths
in basinal brines.

REE and U leaching is also attested by the varia-
tion of ThrLa and ThrU ratios at whole rock scale
comparing altered rocks with unaltered equivalents
in the basin and from the literature. Early diagenesis
has affected at least the coarse-grained layers, be-
cause probably of their higher permeability during
diagenesis. Calculated maximum LREE and U re-
lease from monazite–whole rock balance at 2.01=
109 and 9.06=106 metric tons, respectively.

Zircon crystals are mainly altered at their rims
which were enriched in P and Th, U, REE, respec-
tively, replacing Si and Zr–Hf. U–Pb dating of
unaltered cores of detrital zircon crystals gives ages
around 2.87"0.05 Ga, in agreement with Archean
basement ages from which the Francevillian sedi-
ments are derived.

In the altered areas of monazite and zircon, galena
occurs as tiny inclusions or in crack fillings. The
global amount of lead contained as galena in the
accessory minerals largely exceeds the amount of
lead produced in situ by radioactive decay of U and
Th in these minerals and thus, has an external origin.
The altered part of zircon and galena inclusions in
zircon at 65 m depth in the BA.2 borehole, and

epigenetic galena crystals dispersed in the sandstone
at 570 m depth have all Pb isotopic compositions
comparable to average crust which confirm an exter-
nal origin of Pb. Pb isotopic compositions of galena
indicate a crystallization age sometime after 1000
Ma, both in the U ores and far from them. Thus,
galena crystallized in the already altered parts of
monazite and zircon during an event, clearly distinct,
from the 2 Ga event corresponding to accessory
mineral alteration during early diagenesis. Galena
crystallization probably occurred during the regional
extension and intrusion of a dolerite dyke swarm,
which intruded between 1000 and 750 Ma.
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