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Abstract

In-situ isotopic analyses of rare earth elements (REE), U, Pb, Zr, Mo and Ru

were performed using a sensitive high resolution microprobe (SHRIMP) to investigate

the migration and retardation processes of丘ssion products in and around the natural

fission reactor.

REE isotopic data of the secondary minerals found in clays and black shales

above the Bangombe natural reactor show that most of fission products were effectively

trapped in the clays and not distributed into the black shales over the clays, which

reveals that the clays play an important role in preventing fission products丘om

spreading. The Pb data suggest that galena grains in the clays were丘)rmed by the

mixing of the two components during a recent alteration event, and that a significant

amount of Pb was derived丘0m 2.05-Ga-old original uraninite rather than reactor

uraninite.

Zircon crystals in the clays above the Bangombe natural reactor heterogeneously

contain high-U regions (up to 28.3 wt%) with normal 235U/238U ratios (-0.00725) and

significant amounts of fissiogenic REE, which suggest the occurrence of significant

chemical fractionation between REE and U during the dissolution of reactor uraninite

and the recrystallization of secondary U minerals. Although the zircons in clay layer

trapped most of the fissiogenic REE derived from the reactor, only the Ce isotopic ratios

of the clay and black shale layers have about 2 times larger variations than the other

REE. This result suggests that a large chemical丘actionation between Ce and other



REE above the reactor occurred under the oxidizing condition.

The U-Pb systematics of zircon above the Bangombe natural reactor provide

chronological information on the old igneous activity associated with the basement rock

formation at 2.8 Ga and geochemical evidence of the incomplete mixing of independent

Pb and U sources. This result is consistent with previous chronological results in this

area.

Metallic aggregates with a size of a few tens of microns and consisting mainly

ofRu, Rh, Pd, Te, Pb, As, Sb, S and Bi were found in the acid residue ofSD37-S2/CD

uraninite taken from Oklo natural reactor zone (RZ) 13. Quantitative analyses of

major elements using an electron probe microanalyzer and in situ isotopic analyses of

Zr, Mo, Ru, Pb and U using a sensitive high-resolution ion microprobe were performed

on the metallic aggregates to determine the geochemical behaviors of fission products

and actinides and to ascertain the processes of formation of the aggregates in the RZs.

The chemical compositions of the aggregates investigated in this study are significantly

different from those reported previously, showing lower Pb content and no correlation

between the contents of Pb and S in the individual grains. The U/238U ratios in

metallic aggregates vary significantly from 0.00478 to 0.01466, indicating chemical

fractionation between U and Pu during the formation of the aggregates. The Pb

isotopic data indicate that most of the Pb in the aggregates decayed from 2.05 Ga-old

uraninite that existed in the RZ originally and that there was chemical丘actionation

between U and Pb in some aggregates. The Zr and Mo isotopic ratios, Zr/ Zr and

"Mo/^Mo, for most of the aggregates had small variations, which can be simply

explained by constant separate mixing of fissiogenic and nonfissiogenic components.

On the other hand, a large variation in the 99Ru/ Ru ratio (0.324-1.73) cannot be



explained only by a two-component mixing theory; thus, chemical丘actionation

between Tc and Ru during the reactor criticality is suggested. The large variations in

the U/ U and Ru/ Ru isotopic ratios suggest that the aggregates formed under

various redox conditions owing to the radiolysis of water.
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CHAPTER 1

Introduction

1.1　Natural fission reactors

The present-day isotope ratio of U/ U is 0.00725 and is invariant in natural

materials, a fact demonstrated by the measurement of the isotopic composition of U in

numerous ore bodies by Cowan and Alder (1976). There is, however, one place on

Earth that we know, where the U/ U ratio deviates dramatically and can be as low

as 0.0038 (Gauthier-Lafaye et al., 1996). This is a group ofU deposits located in the

south-west part of Gabon in the Precambrian sedimentary basin of Franceville (Fig. 1).

Sustained fission chain reactions occurred in these U deposits approximately 2 billion

years ago.

The discovery of natural U depleted in fissile U was made in June 1972 in the

U enrichment plant at Pierrelatte in France (Bodu et al. 1972). Some samples ofU ore

gave a z"U/ JSU isotope ratio of 0.007214, some 0.5% lower than the natural value.

Subsequent investigation indicated that the U deposit at Oklo was the source of the

isotopic anomaly. Although various hypotheses were advanced as to the reason for

this deficiency in U, the samples from Oklo U deposit displayed convincing evidence

of fission product contamination. This result provided丘rm evidence that the depletion

in U in these samples had been resulted丘om the spontaneous nuclear chain reactions

at some time in the past (Neuilly et al. 1972). Before this discovery, the possibility

that the chain fission reaction occurred in U ore had been proposed in some reports (e.g.

Wetherill and Inghram, 1953; Kuroda, 1956). In 1956, Kuroda calculated factors
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necessary to start chain fission reactions in rich U ore from Johangeorgenstadt deposit

in Saxony and came to the conclusion that self-sustained fission reactions might have

occurred about 2 billion years ago.

Since 1972, many programs have been conducted in order to understand the

processes by which fission reactions could occur and the effects of these nuclear

reactions on the surrounding rocks. An impressive amount of data on geology,

geochemistry, geochronology and physics of the natural reactors was gathered and

published in two conference proceeding volumes: The Oklo Phenomenon (1975) and

Natural Fission Reactors (1978). Although most of the early works focused on physics

and chemistry of the natural reactors, the usefulness of the Oklo deposit as natural

analogues for nuclear waste disposal has been recognized since 1990s (e.g., Blanc 1996;

Gauthier-Lafaye et al., 1996) and research is now mainly focused on the behavior of

actimdes and fission products in a geological environment.

1.2　Geological setting

1.2.1 0klo and Bangombe uranium deposits

The Franceville basin is the host for the Oklo and the Bangombe uranium

deposits and consists of five sedimentary units designated as the FA to the FE layers

(Gauthier-Lafaye and Weber, 1989). The uranium deposits of the Franceville basin are

the oldest known high-grade uranium deposits in the sedimentary rocks that were

formed by dissolution-precipitation processes (Gauthier-Lafaye and Weber, 1 989).

Uranium deposits are located at the top of a 400 to 1000 meters thick FA

formation mainly made of sandstones and conglomerates. This formation is underlain

by the FB formation made of black shales with organic carbon content ranging between
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1 to 15% and few carbonate (dolomite) layers. In the central part of the basin the FB

formation is 1000 meters thick (Gauthier-Lafaye, 1986).

Most of the uranium is of the丘)rm of uraninite and is closely associated with

migrated hydrocarbons that fill the secondary porosity of the sandstone

(Gauthier-Lafaye and Weber, 198 1). Uranium mineralization occurred when oxidized

uranium bearing nuids met reduced fluids associated with hydrocarbons in tectonic

traps (Gauthier-Lafaye and Weber, 1981). The sources of uranium are believed to be

detrital uranium bearing minerals such as monazite (LaPO4) and thorite (ThSiO,*) which

are concentrated in several 100 m thick conglomerates in the lower FA丘)rmation

(Gauthier-Lafaye and Weber, 1 989).

The Francevillian series has been dated by several geochronometers. Weber

and Bonhomme (1975) summarized existing geochronological in且)rmation on the

Franceville Series as determined by the Rb-Sr geochronological technique when applied

to clay minerals, to give a range ofages丘0m 1.75 to 2.2×10y years. The U-Pb

technique was used to give an ill-de丘ned age of mineralization of the reactor zones of

1.75×10　years (Lancelot al., 1975), whereas Devillers et al. (1975) determined an age

between 1.8 and 2.05×10　years by the same technique. In an attempt to clarify the

conflicting age estimates of the Oklo deposit, Gancarz (1978) measured the isotopic

composition ofU and Pb often, U-rich ore samples that were located 2-8 m within the

boundaries of the reactor zones. The data gave a丘)rmation age of the deposit of

(2.05ア0.03) ×10 years.

1.2.2　Reactor zones

The first reactor zones (hereafter RZ) were discovered between 1972 and 1974
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in the open pit of the Oklo and were numbered 1 to 6 in the order of their discovery (Fig.

2). In 1978, three other RZs numbered 7, 8, and 9 were discovered in the open pit of

Oklo. Since 1982, five other RZs, namely 10, 13, 16, OK84 (at Okelobondo site), and

15 were discovered at Oklo. Among the sixteen RZs, the early discovered RZs 1 to 9

have been weathered under oxidizing condition. On the other hand, the later

discovered RZs 10 t0 16 have been little weathered, because they have been located in

the underground mine under more reducing environment than those of near-surface RZs

1 t0 9 (Fig. 3). In addition, the small natural RZ was found at the Bangombe site 30

km south ofOklo in 1985 (Fig. 1). The size ofRZs is quite variable. The biggest

reactor (RZ 2) is a 12 m long, 18 m deep and 20 to 50 cmthick lens, while at Bangombe,

the RZ is only 5 m long, 1 m wide and a few centimeters thick (Fig. 4(a)).

Later dykes of dolerite intrude the overall Francevillian series in the Franceville

basin forming two orthogonal systems oriented NNW-SSE and ENE-WSW (Fig. 1).

These dolerites were dated by K-Ar method on feldspathic fractions giving an age of

970士30 Ma (Bo血omme et al., 1982).

1.2.3　Reactor operating conditions

The conditions for the occurrence of nuclear fission reactions in a geological

system have been discussed by Naudet (Naudet, 1991). Fission reactions occur

spontaneously in U resulting in the production of the fast neutrons. If these neutrons

are slowed down andthermalized, theymayinduce丘ssion in Uor Pu. Fourmain

conditions must be achieved to initiate fission reaction in a geological system:

1. The uranium content should be high in order to reach the critical mass.

2. The geological environment should have a low content in poison elements such as B
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and REEs which are neutron-capturing nuclei.

3. The environment should be rich in light nuclei (hydrogen丘om water) which act as a

neutron moderator and allows for the regulation of the nuclear reaction.

4. The uranium ore must have concentration of fissionable nuclei.

The radioactive decay constant for U (9.85xlO ) is smaller than that for　�"¥J

(1.55xlO"10) (Jaffey et al., 1971). The concentration of U in a 2.0 billion years old

natural uranium deposit was 3.7 % as compared to 0.725 % at present. Therefore, at

ages > 2.0 Ga, the U/ U was sufficient to sustain fission in natural reactors.

However, no traces of nuclear fission reactions have been found in pre-2.0 Ga uranium

deposits. High-U concentration in a sedimentary rock needs to be subjected to one or

more dissolution-precipitation episodes and enough oxygen which allow

oxidation-reduction reactions of U. Although the oxygen content of the atmosphere

was low before 2.0 Ga, Holland (1994) has suggested that the PO2 level in the

atmosphere increased rapidly丘0m < 1 % PAL to > 15 % PAL during the early

Proterozoic. Therefore, 2.0 Ga is a crucial age that allows a high U/ U ratio for

the first time of the Earth's history.

Estimates of nuclear parameters for natural fission reactors rely on isotopic

abundance of elements and are, therefore, sensitive to losses of elements from the

system. If certain isotopes were partially released丘om reactors, then the calculated

nuclear parameters are meaningless. The detailed age of the fission reaction was

obtained by Ruffenach (1978) and Naudet (1991). They studied in detail a bore-hole

(SC36) which cross-cuts RZ 2 and demonstrated that there was no migration of U and

REE during the reaction. By comparing the fluence of the fission reaction to the

amount of fission elements (mainly REE), it is possible to determine the date of the
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fission reaction with a great precision. The result gave an age of 1950ア40 Ma

(Ruffenach, 1978, 1979; Holliger, 1988; Naudet, 1991).

Neutron capture on 238U produces the fissionable isotope Pu, which can decay

to U. Analyses of the isotopic composition of fission products from R上E, Ru, and

Pd indicated that approximately 90% of the fission reactions in Reactor Zone 2 resulted

from 235U fission, with only minor contributions from 239pu thermal fission and 2 8U fast

fission (Ru胞nach et al., 1980). It is apparent that because approximately 50% of the

235U fissions resulted丘om the decay of Pu to U, the duration ofcriticality must

have been long relative to the half-life of jyPu (24,000 years). Ru胞nach et al. (1980)

reported that the duration of nuclear reactions that occurred in RZ 2 was approximately

780,000 years, but that the duration of criticality varies widely for the various RZ.

Hidaka and Holliger (1998) reported that the duration time ofRZ 10 and Bangombe RZ

was about 10 years and that ofRZ 13 was 2.41xlO years. Meshik et al. (2004)

investigated the xenon isotopic ratios of aluminous hydroxyl phosphate in RZ 13 and

characterized the reactor operation. The specific isotopic structure of xenon in the

mineral defined a cycling operation for the reactor with 30-min active pulses separated

by 2.5 h dormant periods.

The temperatures of the fluids in the reactors and during criticality have been

subjected of many dif施rent studies based on microthermometric measurements of fluid

inclusions (Openshaw et al., 1978; Gauthier-Lafaye, 1986). From such works, it was

suggested that, the temperature in the core reached　400　C and a convective

hydrothermal system around the reactor started when fission reactions started. On the

other hand, the Lu/175Lu ratios closely depends on the average equilibrium

-temperature of neutrons at the time of reactor criticality, because the effective neutron
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capture cross-section of Lu is a sensitive indicator of temperature (Holliger and

Devillers, 1981). The Lu/ Lu ratios in the samples varied significantly丘om

0.0054 to 0.0254. The average temperature was calculated to be 280土50 -C.

However, the calculated temperature has been considered to be underestimated

temperature due to the migration of Lu during and after reactor operations and the

uncertainly on the neutron capture section of Lu (Gauthier-Lafaye et al., 1996).

1.3 Isotopic studies of the natural fission reactors

Many elements consisting of the reactor samples show v∬iable isotopic

compositions due to nuclear fission and neutron capture reactions (e.g., De Laeter and

Hidaka, 2007). There丘)re, isotopic studies of the reactor materials provide practical

information on the long-term behavior of fission products in geological media, which is

applicable to radioactive waste disposal (e.g., Gauthier-Lafaye et al, 1996; Hidaka and

Holhger, 1998). Most of previous isotopic analyses丘)r the Oklo studies were based

on bulk analysis of the rock samples with chemical separation丘)r individual elements.

As the first stage of the Oklo study, retentivities of the most of the fissiogenic isotopes

such as rare earth elements (REE), platinum group elements (PGE), and alkaline

elements in the Oklo reactors were quantitatively determined from the isotopic data of

the systematic bulk analyses (e.g. Gauthier-Lafaye et al., 1996; Hidaka and Holliger,

1998). However, some kinds of fission products are heterogeneously distributed in

uranium matrices, even if they have been well retained in the RZs. In addition, even

fission products having chemically good affinity with uranium might have remobilized

out of the reactor in association with dissolution of reactor uraninite due to late

weathering. From the mineralogical observation using scanning electron microscope
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(SEM) and transmission electron microscope (TEM), partial dissolution ofuraninite and

recrystallization of uranium minerals in and around the RZs were confirmed (Janeczek

and Ewing, 1996a; Jensen and Ewing, 2001). Therefore, for better understanding of

the migration mechanism of fission products out of the RZs, it is essential to perform

microscopic isotopic observation on the Oklo samples.

To address this issue, in-situ isotopic analyses of the micro-minerals found in the

RZ and peripheral rocks have been performed by secondary ion mass spectrometry

(SIMS) (Janeczek and Ewing, 1996b; Bros et al., 2003; Hone et al., 2004; Hidaka et al.,

2005). SIMS has been widely applied for the in-situ isotopic analyses of geological

samples for two decades. In-situ isotopic analyses of individual minerals using SIMS

provide information on the detailed thermal history of geological materials.

Our major concern is when and how fission products were released from the

reactor and trapped in the individual minerals. In this thesis, in-situ isotopic analyses

of individual tiny minerals in and around reactor zones have been per丘jrmed using a

Sensitive High Resolution Ion Microprobe (SHRIMP). Then, we report the丘nlowing

topics: (1) Geochemical behaviors of fissiogenie LREE and U above the Bangombe RZ

during 2.0 billion years. (2) Mechanism and timing of migration and fixation ofLREE

into secondary U-　and REE-bearing minerals above the Bangombe RZ. (3)

Geochemical behaviors of REE, U and Pb in highly altered zircons found above the

Bangombe RZ and their chronological interpretations. (4) Formation processes of

metallic aggregates including fissiogenic Zr, Mo, Ru, Rh and Pd found in RZ 13.
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CHAPTER 2

Redistribution of REE, Pb and U by supergene weathering studied from

in-situ isotopic analyses of the Bangombe natural reactor, Gabon

The isotopic analyses of lighter REE (LREE) in micro-regions using SIMS have

been ef短ctively used to discuss the migration processes of fissiogenic isotopes into U-

and REE-bearing minerals, because a large amount ofLREE is produced by U fission in

natural reactors. Isotopic and- chemical analyses of whole rock samples丘om the

Bangombe RZ apparently show that fissiogenic REE have been well-preserved in the

RZ (Hidaka年nd Gauthier- Lafaye, 2000). However,斤om a microscopic viewpoint, a

trace of fissiogenic REE was released from the RZ in association with the partial

dissolution of the reactor uraninite, and formed secondary minerals in the peripheral

rocks. Several kinds of secondarily formed U- and REE-bearing minerals such as

florencite ((REE)A13(PO4)2(OH)6) and coffmite (USiO4) have been found in the

peripheral rocks of the RZ (Janeczek and Ewing, 1996a). The phosphate minerals

found in the host rock contain an excess of fissiogenic LREE (Janeczek and Ewing,

1996b; Dymkov et al., 1997; Hidaka et al., 2005), which suggests that the large amount

of LREE in the RZ was released in association with the alteration of the reactor

uraninite and precipitated as phosphate minerals. Stille et al. (2003) reported the

isotopic variations of wNd/14bNd and 14ySm/14/Sm in one of the drill cores BAX8,

including the RZ, and concluded that fissiogenic R五E were not detected at a distance of

more than 3 m from the reactor. Therefore, in this study, we focused on the region

within 1 m above and beneath the reactor.
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In this study, the isotopic analyses of REE, Pb and U in U- and REE-bearing

minerals found in the clay and black shale layers above the Bangombe RZ Were

performed using SHRIMP to understand the detailed migration profiles of depleted-U

and fissiogenic REE in the clay and black shale layers and when and how the migration

occurred.

2.1 Bangombe uranium deposit

The Bangombe uranium deposit is located approximately 30 km southeast from

the Oklo-Okelobondo uranium deposits (Fig. 1). The Bangombe RZ is located at

1 1.80 m depth within the groundwater discharge area, and is significantly affected by

weathering and chemical reactions due to the flow of groundwater (Fig. 4). At

Bangombe uranium deposit, uranium mineralization is located at the top of the

sandstone layer, which is overlain by the clay and black shale layers (Fig. 5). Closer to

the surface, the main feature of Bangombe RZ is the occurrence of brown to rubefied

pelites resulting丘om a supergene weathering of the shales. The interface between

black shales and weathered pelite is marked by strong Fe oxides accumulation. Red

oxides are found in all lithological facies of the bore-hole but this inter免ce correspond

probably to a major redox丘ont (Bros et al., 1993). Because geochemical stability of

uranium largely depends upon redox conditions, the Bangombe site provides a unique

opportunity to study the geochemical behavior of丘ssion products released丘om the

uranium matrix under severe weathering. More than 20 boreholes have been drilled to

investigate the geological setting of the Bangombe RZ, but only three boreholes

(BA145, BAX3 and BAX8) intersect the RZ (Gauthier-Lafaye et al., 1996; Hidaka and

Holhger, 1998) (Fig. 4). The intrusion of numerous dolerite dykes were caused by
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regional extension in the Franceville basin, which was confirmed as several episodes of

significant Pb mobilization in Late Proterozoic period (Gauthier-Lafaye et al, 1996).

However, at Bangombe, the influence of the dolerite dike intrusion on the reactor

chemistry is less obvious because recent weathering affects the geochemical signature

of the RZ. These geological events have been considered to allow that a part of the

fission products have been released from the reactor and distributed in the peripheral

rocks. The migration behavior of fissiogenic REE can be discussed丘om the

distribution profile of isotopic variations with the distance from the RZ. In early

research, the isotopic data of the Bangombe site suggested that the fission products

released丘om the RZ during recent weathering have been distributed over a distance of

1 m into a sandstone beneath the RZ (Hidaka et al., 2005), but have been retained in a

clay layer above the RZ (Stille et al., 2003).

2.2　Samples

In previous study, four samples, BAX3.1215, 1225, 1240 and 1290, from the

sandstone layer beneath the Bangombe RZ were used. The LREE isotopic data

showed that the proportion of fissiogenic and non-fissiogenic REE components

gradually change with the distance丘om the RZ (Hidaka et al., 2005). Three samples,

BAX3.1040, 1065 and 1170, used in this study were collected丘om BAX3. The

sub-number (four digits) of each sample corresponds to its depth in the BAX3 borehole

in centimeters. The reactor part of Bangombe corresponds to BAX3.1180.

BAX3.1170 consists ofclays丘om 10 cm above the reactor (Fig. 5). BAX3.1040 and

1065 ar° black shales taken from 140 and 115 cm above the RZ, respectively. The

black shales include fine fractures filled with iron and manganese oxides.
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Because the sizes of individual samples from black shale and clay layers used in

this study were limited, they were not large enough to per丘)rm mineral separation.

Therefore, each sample was cut and mounted on an epoxy resin disk of2.5 cm diameter.

Then, the surface of the sample was polished with 1/4 トim diamond paste.

2.3　Analytical procedures

2.3. 1 Mineral observation and quantitative analysis by EPMA

Be丘:>re SHRIMP analysis, an electron probe micro analyzer (EPMA: JEOL

JXA-8200) was used for quantitative analysis of major elements and for obtaining

back-scattered electron (BSE) images of individual grains.

In this study, coffinite,丘an9oisite ((REE)(UO2)30(OH)(PO4)), U-rich inclusions

coexisting with galena (PbS), and zircon (ZrSiO4) were丘:>und in the clays. On the

other hand, no REE minerals of over lトtni length were found in the black shales of the

drill-core. Only uranium-rich phases of less than 1 トim (hereafter micro-uraninite)

were included in the matrices of the black shales. BSE images of typical U- and

REE-bearing minerals measured in this study are shown in Fig. 6(A-F). Besides the

U- and REE-bearing minerals, number of fine galena grains (Fig. 7(A) as a typical

example) and zircon crystals (Fig. 7(C)) were also丘Dund in the clay. The quantitative

analysis of Pb-rich area by EPMA revealed that a few galena grains in the clay layer

coexist with anglesite (PDSO4) (Fig. 7(B)). Detailed microscopy observation and

Raman spectrum analysis indicated that a large quantity of anglesite grains exist along

the cracks in the clay samples (Fig. 8). The results of quantitative analyses of zircon

grains were performed using analytical spot size of 3 トim and the electron beam current
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was 50 nA at 15 kV of acceleration voltage. The 91500 zircon was used as areference

material丘3r the determination of U concentration by EPMA analysis. As the results,

the quantitative analysis revealed that the zircon grains丘)und in the clay layers are

heterogeneous grains containing the various U concentrations up to 2.83 × Kr pprn.

2.3.2In-situisotopicanalysesbySHRIMP

SHRIMPIIatHiroshimaUniversitywasused丘Drin-situisotopicanalysesin

thisstudy.FortheR五Emeasurements,themassresolutionwassettohigherthan

8800(M/AMat1%ofpeakheight)toavoidtheisobaricinterferencesoftheoxideand

unknownspeciesontoatomicR五Eionpeak.Themassesof14UCe,14ZCe+142Nd,14jNd,

144Srn+144Nd,I45Nd,146Nd,147sm,148Nd,149Sm,15ONd+15OSm,151Eu,152Sm,153155,Eu,133Gd,

Gd+^Dy,n/Gd,138Gd+li8Dy,16UGd+lbUDyandlblDywerescanned丘}rtheisotopic

analyses.Ce,SmandSmisotopicabundancescanbeobtained丘omthe

subtractionoftheNd,Ndand150Ndisotopicabundances,respectively,becausethe

isotopicabundancesofNd,NdandNdcanbepredicted丘omthoseof145Nd,

146Ndand148Nd(Hidakaetal.,2005).S血ilarly,130Gd,08GdandlbUGdisotopic

abundanceswerecalculatedafterthesubtractionoftheisobaricinterferenceoftheDy

isotopes丘omtheDyisotopicabundance,althoughtheisotopicabundancesof156Dy,

158taj160DyandlbUDywerenegligiblylow(Horieetal,2004).

ForthePbisotopicanalysisofgalena,themassesof-Pb,206pb,207Pband208Pb

werescannedwithamassresolutionof5800.ForU-Pbanalysesofzircon,Zr20,

Pb,206Pb,207Pb,208Pb,238U,248ThOand254UOpeaksweremeasuredwithamass

resolutionof5800.FortheU-Pbdatacalibrationofzirconsamples,FCl(2U6Pb/238U-

0.1859,1099Ma)wasusedasastandardmaterial(PacesandMiller,1993).In
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addition, SL13 (U content - 238 ppm) was also used as a standard material for the

determination of U concentration.

2.4　Results and discussion

2.4. 1 REE distribution in REE- and U-bearing minerals

The REE isotopic ratios of the individual minerals found in the clays

(BAX3.1 170) and those of the micro-uraninite in the black shales (BAX3.1065 and

1040) are listed in Table 1. Fission and neutron capture are main reactions that cause

the significant isotopic anomalies of the elements in a natural reactor. The Ce, Ce,

143Nd, 146Nd, 147Sm, 149Sm, 151Eu and 153Eu isotopes of the samples measured in this

study include the fissiogenic component as well as the non fissiogenic component,

because they are not shielded by β decay. Considering the fission product yields of

individual isotopes, the Ce/ Ce isotopic ratios of the samples are expected to be

lower than those of the non-fissiogenic standard sample ( Ce/ Ce - 7.73士0.03). On

the other hand, the Nd/146Nd and 151Eu/153Eu isotopic ratios of the samples are

expected to be higher than those of the standard samples ( Nd/146'Nd - 0.735士0.01 and

151iEu/OJEu - 1.092土0.002). The SnV Sm ratios are expected to be lower than

those of the standard materials ( Sm/147Sm - 0.906土0.001) because of the extremely

large neutron capture cross-section of Sm. The most important difference in

mineralogy between BAX3 and the other drill cores is the occurrence of uraninite with

coffinite and phosphatian U-minerals. The coffinite and posphatian minerals are

considered to be formed by supergene weathering (Stille et al., 2003; Gauthier-Lafaye et

al., 2004). The isotopic data of 14UCe/142牀e, 14JNd/146Nd and 149Sm/147Sm show clear
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evidence of the incorporation of鮎siogenic isotopes in the minerals, while those of

Eu/15 Eu are unclear because of the low fission-product yields of 151Eu and 153Eu.

The isotopic variations of i4UCe/142Ce, 14JNd/146Nd and 14ySm/14/Sm values depend upon

the proportion of the fissiogenic component relative to the total fraction of individual

minerals. Fig. 9 shows the depth-dependent variations of Ce/142Ce, 14DNd/146Nd,

Sm/ Sm and Eu/ Eu isotopic ratios of REE- and U-bearing minerals in the

BAX3 drill core. The isotopic data丘om previous works are also plotted in the same

figure (Janeczek and Ewing, 1996b; Hidaka and Gauthier-Lafaye, 2000; Hidaka et al.,

2005). The vicinity of the RZ, corresponding to BAX3.1180, has the lowest

140,Ce/142Ce (2.209) and 14ySm/147Sm (0.1010) values and the highest 145Nd/146Nd

(1.025) and 153Eu/151Eu (1.230) values, as shown in Table 1(A). These isotopic ratios

gradually change with the distance丘om the reactor in the sandstone layer (1215-1290),

which reveals that supergene weathering led to the redistribution of fissiogenic REE.

However, the variations of the isotopic ratios above the RZ (BAX3.1050 to 1 180) are

different from those under the RZ. The isotopic variations of Ce, Nd and Sm in the

clay layer (BAX3.1170) are much larger than those in the sandstones (BAX3.1225,

1240 and 1290) and black shales (BAX3.1040 and 1065), which indicates that the

migration of fissiogenic LREE was limited. The variations of the isotopic ratios of

R上E drastically change in the clay, while the isotopic ratios gradually change with the

distance丘om the reactor in the sandstone. Our isotopic data suggest that most of the

fissiogenic Ce, Nd and Sm were effectively trapped in the clays, and not moved to the

black shales. This result provides a practical illustration of the per丘)rmance of a clay

barrier in the uptake of fission products by adsorption onto clays and their incorporation

in secondarily formed U- and REE-bearing minerals. Gd isotopic compositions are
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strongly affected by neutron capture reactions, because Gd and Gd have large

neutron-capture cross sections and become Gd and Gd, respectively (Hidaka and

Masuda, 1988; Hidaka and Holliger, 1998; Horie et al, 2004). Therefore, the isotopic

depletion of 155Gd and 157Gd corresponds to the enrichment of Gd and　58Gd,

respectively. If the Gd isotopic compositions of the samples are affected by only

neutron capture reactions, the isotopic ratios (155Gd+15 Gd)/160Gd and

(13/Gd+138Gd)/160Gd should be constant because of the isotopic balance between the

depletion of 155Gd and 157Gd and the enrichment of 156Gd and　8Gd. As shown in

Table 1(B), the ratios of both (O3Gd+O(5Gd)/lt)UGd and (i:>/Gd+i:)8Gd)/I<>uGd for

coffinite-1 to coffinite-3 grains are in good agreement with those of the standard

material within analytical precision. However, the corresponding isotopic ratios of

coffinite-4 and the U-rich inclusion are 5-7% higher than those in the standard material,

which reveal isotopic evidence of the addition of a fissiogenic Gd component as well as

neutron-capture products in the samples.

2.4.2　Pb isotopic evolution ofgalena

Although the chronological interpretation of U-Pb and Pb-Pb data from the

Oklo and Bangombe samples is o洗en complicated because of the significant

mobilization of Pb due to later igneous events (Gauthier-Lafaye et al., 1996), detailed

comparison of the Pb isotopic data makes it possible to discuss the alteration history of

the Oklo and Bangombe sites since the deposition of uranium ores (Mathieu et al.,

2001; Evins et al., 2005; Hidaka et al., 2005). The Pb isotopic data ofgalena in the

clay sample (BAX3.1160) are listed in Table 2. The variation of Pb!206Pb

(0.1157-0.1362) is small and correlates with that of/U4Pb/ u Pb. The Pb isotopic data
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of galena grams丘om the clay layer (BAX3.1160) are plotted in Fig. 10. For

comparison, the Pb data of secondary U minerals丘om the sandstone layer beneath the

RZ (BAX3.1215 to 1290) are also plotted in the same figure. The Pb isotopic data

points of individual minerals including galena measured in this study are plotted on the

same single line. The Pb data of the secondary U minerals plotted on the single line

can be explained by two-component mixing between the 2.05-Ga-old original uraninite

and the reactor material including fissiogenic isotopes (Hidaka et al., 2005). Uraninite

and U-rich goethite丘om the BAX3.1290　sandstone showed normal U isotopic

compositions (235U/238U - 0.00725) and higher 207Pb*/206pb* ratios (0.126-0.128)

corresponding to those 2.05 Ga, which represent the older original minerals as an

end一member of the two-component mixing model. The data suggest that Pb in

secondary U minerals was derived from uraninite with normal isotopic composition and

not from the fissioned uraninite. All of the Pb data points of the galena measured in

this study are close to those of the 2.05-Ga-old original minerals. The Pb data suggest

that the galena grains in the clay were also formed by the mixing of the two components

during a recent alteration, and that a significant amount of Pb was derived from

2.05-Ga-old original uraninite rather than reactor uraninite.

2.4.3 Isotopic characterization ofzircon

2.4.3.1 UandREE isotopes

The seven zircon grains丘)und in the BAX3.1 170 sample show a wide range of

UO2 content丘0m< 0.01 to 2.83xlO ppm. BSE images of the zircon grains are shown

in Fig. 7(C). Two grains, numbered zircon 1 and 5, partly remain in a euhedral shape
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with an oscillatory zonal structure, and include numerous丘actures. REE and U

isotopic data of the zircon grains are summarized in Table 3. Although the U-rich

region of individual zircon grains shows a normal U/ U ratio (-0.00725) within

analytical uncertainties, it includes fissiogenic REE. Uraninite found in the sandstone

(BAX03. 1290) also has normal 235u/238U ratios and REE isotopic anomalies (Hidaka et

al, 2005), suggesting the occurrence of chemical fractionation between REE and U

during the recrystallization of secondary U minerals. The depleted U丘om the RZ was

partially dissolved and mixed with a large amount of normal U丘om non reactor

materials.

2.43.2　U-Pb chronological interpretation

In-situ U-Pb dating of detrital zircon grains helps us to understand the thermal

history of the sediments. However, as described in the previous section, the zircon

crystals in this study include numerous high-U regions in micro-scale. Generally, it is

difficult to determine an accurate Pb/ U ratio for high-U zircon丘om in-situ isotopic

analysis because of the inaccurate U-Pb calibration between the standard material and

the analyzed samples (Williams and Hergt, 2000). The conventional U-Pb calibration

technique is not appropriate丘?r high-U zircon, because high-U zircon might have a

different chemical composition from the standard zircon. Williams and Hergt (2000)

studied the relationship between the SHRIMP U/Pb ages and the U contents of zircon,

and revealed that the calibrated Pb/238U data increases as a丘inction ofU content over

2500 ppm. Therefore, in this study, only four analytical data with U concentrations of

less than 2500 ppm (zircon 1-1, 1-3, 2-2 and 3-4 in Fig. 7(C)) were selected from 13

analytical spots, and used as reliably calibrated SHRIMP U-Pb data. In addition, the
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206r,i/238pb/Uratiosoftheothernineanalyticalspotswithhigh-Ucontents(zircon1-2,1-4,

1-5,3-3,3-4,4-5,5-1,5-2and7-1inFig.7(C))weredetermined丘omtheanalytical

combinationofU/PbelementalratiosobtainedbyEPMAandPbisotopiccompositions

obtainedbySHRIMP.AlthoughtheUcontentsofzircon1-2,1-4andト5wereless

than2500ppm,SHRIMPanalysiscouldnotprovidegoodstatistics.There丘}re,the

threesetsofdatawerecollected丘omEPMAanalysis.TheUcontents丘omll

analyticalspots(zircon3-1,3-2,4-1,4-2,4-3,4-4,5-3,6-1,6-2,6-3and7-2),showing

morethan2500ppmbySHRIMPanalysis,werenotdeterminedbyEPMA,becausethe

analyticalregionsinthegrainswerepartlydamageda洗erseveralSHRIMPanalyses.

Therefore,the13datasetsfrom24analyticalspotsareusedforfurtherdiscussion.Fig.

llshowsaTera-WasserburgConcordiadiagram.Allofdata丘omthe13analytical

spotsfromthesixzircongrainsarelistedinTable4.IfU-Pbdecaysystemworksasa

chronometer,wecangenerallydiscussgeochronologicalhistoryofthesample丘omthe

datapointsof238U/206Pband07Pb/-PbonaConcordiadiagram.However,inthis

case,inspiteofthelargevariationoftheU′06pbdata丘0m0.2to18,the/U/Pb!206Pb

ratiosshowasmallvariationexcept丘)rtwodatapoints(0.1924丘omzircon1-1and

O.1387fromzircon2-2).TheresultsuggeststheexistenceofindependentUandPb

sourcesthathavemigratedintozircon.JudgingfromthePb/Pbratios

(-0.115-0.126)commonlyobservedespeciallyinthelow-U/Pbpartsofthezircon,the

・migratedPbintothezirconwasprobablyderived丘omthesamesourceasthatwhich

formedthegalena.

InFig.ll,thePbisotopicdataofthezirconareplottedinthesameregionof

thoseofthegalena.Furthermore,highU/Pbpointssuchastheanalyticalspots

5-1and5-2showslightlyhigherzu/Pb/zuoPbratios(0.122-0.126)thantheotherpoints
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( Pb/ Pb < 0.12), which also supports the incomplete mixing of independent Pb and

U sources in this system. Previous Pb isotopic studies of U- and REE-bearing

minerals in the sandstones beneath the Bangombe RZ show that a large mobilization of

Pb, U and fissiogenic isotopes occurred by dolerite dyke intrusion (-0.8 Ga ago), and

that the secondary minerals were formed by mixing between 2.05-Ga-old original

minerals (non-depleted U) and reactor materials (depleted U) during a recent alteration

(Hidaka et al., 2005). The similarity of the Pb isotopic compositions suggests that the

additional Pb and U fractions in the altered part of the zircon in the clay originated丘om

the same sources as those of the secondary minerals in the sandstones. The U-Pb data

斤om the analytical spots 1-1, 2-1 and 2-2 are different丘om the others, suggesting

chronological information on the old igneous activity associated with the basement rock

formation. The three data points appear to form a single line with a different trend

from the other 10 data points. The U-Pb diagram in Fig. ll suggests that the U-Pb

system of the inherited zircon was also disturbed by the mixing of the materials having

Pb/2UTb -0.12 with a low U content (Z38U//uTb <0.5). As shown in Fig. ll, the

intercept of the U-Pb Concordia and the single line consisting of the three data points

gives a U-Pb age of 2.80 Ga, probably corresponding to the formation age of the

basement rocks. Mathieu et al. (2001) reported an age of2.87 Ga from the SHRIMP

U-Pb analyses of two zircon crystals in the basement rocks. Ages of 2.7-2.9 Ga are

reported for U-Th-Pb chemical ages of six of the 79 monazite crystals found in the FA

sandstones and conglomerates (Montel et al., 1996). Therefore, it is reasonable to

consider that the two zircon crystals are detrital materials derived丘om the basement in

this site.
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2.5　Conclusions

The isotopic data using a SHRIMP clearly show the distribution patterns of the

fissiogenic REE isotopes from the RZ to the peripheral rocks. The isotopic variations

of fissiogenic REE in the clay layer are much larger than those in the sandstone and

black shales. The variations of the isotopic ratios of REE drastically change in the

clay, while the isotopic ratios gradually change with the distance丘om the reactor in the

sandstone. Our data demonstrate the important role of clays in effectively adsorbing

the fission products released丘om the RZ.

The zircon crystals in the clays heterogeneously contain a U-rich region (up to

28.3 wt%) with normal 235u/238U ratios (-0.00725) and significant amounts of

fissiogenic REE, which indicate the migration of U-rich fluid in the grain. Although

crystalline zircon is generally considered to be durable under most geochemical

conditions, highly damaged zircon in this study showed significant migration of U and

REE.

From the Pb-Pb data of galena, it is interpreted that the galena grains in the clay

were also丘)rmed by the mixing of the two components during a recent alteration, and

that the significant amount ofPb was derived from 2.05-Ga-old original uraninite rather

than reactor uraninite.

The U-Pb systematics of zircon provides chronological information on the old

igneous activity associated with the basement rock丘)rmation at 2.8 Ga and geochemical

evidence of the incomplete mixing of independent Pb and U sources.
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CHAPTER 3

Geochemical behavior of REE and U in highly altered zircon above the

Bangombe natural reactor and their geochronological interpretations

As shown in CHAPTER 2, it was revealed that the U- and REE-bearing

minerals and zircon grains in the clay layer above the Bangombe RZ effectively trapped

large amounts of the fissiogenic REE derived from the reactor and prevented them

migrating into the black shale layer. This result agrees with the depth-dependent

variations ofNd and Sm isotopic ratios in BAX8 obtained丘om whole rock analyses in

Stille et al. (2003). In BAX8 drill core, the Nd and Sm isotopic ratios in the clay layer

are dramatically varied due to the contribution of fissiogenic components. On the

other hand, there is no contribution of fissiogenic Nd and Sm in the black shale layer.

The REE isotopic data above the Bangombe RZ suggest that the geochemical behaviors

of fissiogemc REE in the clay layer and near the boundary between clay and black shale

layers are very important to understand fixation and retardation effects of radionuclides

above the RZ. However, the detailed geochemical behaviors of fissiogenie REE at the

boundary have not been obvious yet. Although the secondary U- and REE-bearing

minerals in the black shale layer have been rarely丘)und, detrital zircon grains exist in

both of the clay and black shale layers. Since zircon grains are resistant to the

weathering due to their high physico-chemical stability, it is considered that zircon

could be less affected by the severe supergene weathering in comparison with secondary

U- and REE-bearing minerals. Therefore, zircon may be useful to understand the

mechanism of migration of fissiogenic components above the Bangombe RZ.

On the other hand, zircon is also powerful tool to interpret chronological
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information on migration of fissiogenic and radiogenic nuclides around the RZ.

Indeed, seven zircon grain found in the clay layer provide chronological information on

the old igneous activity associated with the basement rock丘)rmation at 2.8 Ga and

geochemical evidence of the incomplete mixing of independent Pb and U sources.

However, it was revealed that the zircons above the Bangombe RZ have various U

contents (up to 28.3 wt. %) and the conventional calibration methods丘Dr U-Pb in

SHRIMP analysis cannot be applied to the high-U zircons over 2500 ppm. For further

discussion of chronological interpretation around the Bangombe RZ, we have to check

the reliability of the calibration technique in the case of high-U zircon.

In this study, the zircons found in the clays and black shales near the boundary

of the clay and black shale layers were analyzed by EPMA to check the U contents.

Then, the isotopic analyses of REE, Pb and U in zircon grains were performed using

SHRIMP to understand the detailed migration profiles of depleted-U and fissiogenic

REE in the clay and boundary of the clay and black shale layers and when and how the

migration o ccurred.

3.1 Sample preparation

Two samples, BAX3.1130 and 1170 were taken丘om the BAX3 drilLcore.

The sub-number (four digits) of each sample corresponds to depth location of the BAX3

drill-core in cm. The sample BAX3.1170 is clay from 10 cm above the reactor (Fig. 5).

The sample BAX3.1 130 is black shales taken near the boundary of the clay and black

shale layers, which is 50 cm above the reactor.

Block samples丘om BAX3.1170 and 1130 were mounted on a resin disk of2.5

cm and the surfaces were polished with 1/4トim diamond paste.
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3.2　Analytical procedures

3.2.1 Quantitative analysis by EPMA

EPMA (JEOL JXA-62 8200) was used for quantitative analysis of Al, Si, Ca,

Mn, Fe, Zr, Hf, Pb, Th and U and for obtaining back-scattered electron (BSE) images of

individual zircon grains. The analytical spot size was 3トan and the electron beam

current was 50 nA at 15 kV of acceleration voltage. The 91500 zircon was used as a

reference material for the determination of U concentration by EPMA analysis. As a

result, 48 zircons of which 29 were in BAX3.1170 and 19 in BAX3.1130 were

identified and they show a wide range of U-contents丘0m <0.01 to 2.22xlO ppm

(Table 5 and Figs. 12 and 13).

3.2.2 In-situ isotopic analyses by SHRIMP

The isotopic analyses ofREE, U and Pb in the zircon grains were performed by

SHRIMP II at Hiroshima University. The analytical methods for REE isotopic

analyses by SHRIMP are described in section 2.3.2 (CHAPTER 2).

3.2.2.1　U-Pb calibration methods in U-rich zircons

In-situ U-Pb analysis ofzircon using an ion microprobe has been widely applied

to understand the detailed thermal history of geological samples because zircon is a

common accessory mineral in many type of rocks and suited for the U-Pb dating due to

the incorporation of large amounts of U and little initial Pb during their formation.

The difference of ionization efficiencies between U and Pb during the analysis gives
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rise to the necessity of calibration between secondary ion ratios ( Pb+/238U4) and

isotopic ratios (/U(5Pb/ ^U) for in-situ U-Pb dating. The U/Pb calibration technique

was established丘om the comparison of the data between standard and analyzed zircon

grains (e.g., Compston et al., 1984). However, previous study indicated that the

conventional LJ-Pb calibration technique is not appropriate丘)r the high-U zircon,

because the high-U zircon is considered to have a different chemical composition from

the standard zircon in SHRIMP (e.g., McLaren et al., 1994; Williams and Hergt, 2000;

Butera et al., 2001; Zeck and Williams, 2002). According to Williams and Hergt

(2000), the Pb/U of zircons having U < 2500 ppm were well-corrected by conventional

SHRIMP calibration techniques, but the data ofzircons over 2500 ppm U increase at a

rate of between 1.5 and 2.0% per thousand ppm U. The problems with U-Pb

calibration for high-U zircon have been also reported in Cameca IMS1270 analyses

(Lee and Whitehouse, 2007). Since high-U zircon including U concentration more

than 2500 ppm is rarely found, up to the present, relatively few studies have been

reported on how to calibrate the U-Pb isotopic data obtained by SHRIMP analysis.

3.2.2.2 In-situ U-Pb analysis by SHRIMP

A few nA beam ofO2~ primary ion was used to sputter a lOトim analytical spot

on the sample. Before the SHRIMP measurements, the Pb/U elemental ratios of three

spots around the analytical spots in EPMA measurements were determined from EPMA.

In this study, the analytical spots where the Pb/U ratios of three spots were consistent

within士10%　variation were considered as candidates for SHRIMP measurements.

Overall, 46　analytical spots from 33　zircon grains were selected for SHRIMP

measurement and show a wide range of U contents丘0m <100 to 59000 ppm. For
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U-Pbanalyses,196Zr2O,204Pb,background(atmass204.1),206Pb,207pb,208pb,238U,

248�"~,254ThOandUOpeaksweremeasuredwithamassresolutionof5800(M/AMat1%

ofpeaksheight).FortheU-Pbcalibrationofzirconsamples,FCl(2Ubpbr'*U-

0.1859,1099Ma)wasusedasastandardmaterial(PacesandMiller,1993).In

addition,SL13(Ucontent-238ppm)wasalsousedasastandardmaterialforthe

determinationofUconcentration.Correction丘)rcommonPbwasdonebymeasuring

204Pb.CommonPbinthezirconanalyzedinthisstudycanoriginatemainlyfromtwo

sources.OneisinitialPbincorporatedintothezirconcrystalatthe丘Donation.The

isotopiccompositionofinitialPbwasestimated丘omtwostageevolutionmodel

(StaceyandKramers,1975).TheotherisinitialPbaddedtothezircon丘omuraninite

throughthedissolutionofuraninite.TheisotopiccompositionofinitialPboriginated

斤omtheuraninitewasassumedasPb/-204pb-18.61andzu/?b!204Pb-15.75丘。m

galenainclusionsinthealteredzirconinFAsandstonelayeratBangombe(Mathieuet

al.,2001).TheradiogenicPb/Pbisotopicratioscorrectedbythetwomethods

wereconsistentwithintheanalyticalerrorsbecauseofsignificantlylargeamountsof

radiogenicPbagainstnon-radiogenicPb.

3.3Resultsanddiscussion

3.3.1REEdistributioninzircons

Table6andFig.14showthe14UCe/14ZCe,145Nd/14bNd,14ySr〟147Smand

153-C-/151Eu/Euisotopicratiosofthezirconsfoundintheclay(BAX3.1170)andblackshale

layers(BAX3.1130)abovethereactor.TheisotopicratiosofNd,SmandEuinthe

claylayerexhibitlargevariations(Nd/146Nd-0.598-1.004,"ySm/147Sm-
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0.528-0.819 and 15JEu/ Eu - 1.093-1.139), which is a result of the mixture of

fissiogenic with non-fissiogenic component at various rates. On the other hand, the

isotopic ratios of Nd, Sm and Eu in the black shales layer are almost similar with

standard values, which indicate little contamination of fissiogenic component. These

differences of the isotopic ratios between the clay and black shale layers show that the

migration of Nd, Sm and Eu into the black shale layer was limited and most of the

fissiogenic Nd, Sm and Eu derived from the reactor was probably adsorbed by clays.

However, the large isotopic variation of Ce in the clay ( Ce/142Ce - 2.86-8.04) was

similarly observed in the black shale layers ( Ce/ Ce - 3.43-7.03). Magnification

of the isotopic variation of Ce in the clay is about 2 times larger than other REE. This

is isotopic evidence for significant migration of fissiogenic Ce into the black shale layer

and large chemical fractionations between fissiogenic Ce and other REE occurred

during the migration丘om the reactor to the black shale layer.

3.3.2　Chemical fractionation ofREE in zircon grains

The depth-dependent variations of REE suggest that Ce and other REE released

斤om the reactor have a different behavior above the reactor. Hidaka et al. (2005)

reported that the elemental abundances of Ce in REE-bearing minerals of the sandstone

layer under the reactor are -5 times larger than that ofNd, Sm and Eu due to a change

of oxidizing state丘om Ce十to Ce . Fig. 15 shows diagrams丘)r isotopic ratios of two

different elements, Ce-Nd, Sm-Nd and Eu-Nd, of zircon. The data for standard

material and the reactor sample are also plotted in the same figure. The REE

components in the individual minerals resulted　丘om mixing between the two

end-members, non-fissiogenic (STD) and fissiogenic (reactor) materials (Hidaka et al.,
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2005). All data points in the diagrams for Sm/147Smvs. 145Nd/146Nd and 153Eu/151Eu

vs. Nd/ Nd can be explained by two-component mixing between STD and reactor

materials with a little fractionation factor (Nd:Sm:Eu - 1:1-5:0.5-2). On the other

hand, the data for 14UCe/14/Ce vs. 43Nd/14t)Nd show a large chemical fractionation of Ce

relative to Nd (Ce:Nd -ト50:1). One of major reasons to make a large丘actionation

of Ce from other REE is a difference of oxidizing states. Under the oxidizing

condition, Ce is compatible in zircon because the ionic charge and radius of Ce (0.97

A) are closer to Zr4+ (0.84 A) than those of other LREE3+ (Ce3+ 1.143 A, Nd3+ 1.109 A,

Sm + 1.079 A and Eu + 1.066 A). In addition, the Ce concentration in altered zone of

the present suite of zircons is extremely higher (1-2 wt.%) than that in typical zircons

(e.g., 3-160 ppm (Hoskin and Schaltegger, 2003)) and the Ce concentration was

occurred during the intensive alteration (Utsunomiya et al., 2007). Considering these

geochemical processes, the chemical丘actionation between Ce and other REE observed

m this study results丘om the chemical characteristics of the altered zircon under the

oxidizing condition and severe weathering. The presence of significant amount

fissiogenic Ce in the clay and black shales layers suggests that fissiogenic Ce existed as

Ce + and Ce + above the reactor, and fissiogenic Ce + and other trivalent REE which

escaped丘om trapping in the clay layer丘nally migrated into the black shale layer.

Then, increase of the amount ofCe formed丘om Ce in the black shale layer under

the more oxidizing condition led to the mixing of fissiogenic Ce into altered zircons

around the boundary of the clay and black shale layers.

3.3.3　U-Pb chronological interpretations

The data of 46 analytical spots from 33 zircon grains were selected for in-situ
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U-Pb analyses by SHRIMP and/or EPMA, and are listed in Table 7. Although all of

the analytical data were once reduced by conventional SHRIMP calibration method, it

was considered that the 238U/206Pb isotopic data deviate from the accurate 238U/ Pb

isotopic data due to their wide variations of U contents (<100 to　59000 ppm).

Therefore, the fractional difference (A/UbPbrjSU) between the 2Uf3PbriSU data measured

by EPMA and SHRIMP versus U content was plotted to check whether the bias

between /ubPb/238U and U content as reported in Williams and Hergt (2000) can be

identified from the altered zircons in this study (Fig. 16). If the A/uTbrJ8U in

analyzed zircon is due to the inaccurate calibration, a plot in Fig. 16 should have a slope

equivalent to a bias about 1.5 to 2.0% per 1000 ppm U as observed in high-U unaltered

zircon analyzed by Williams and Hergt (2000). However, Fig.16 shows that there is

no clear correlation between A Pb/ U and U content in analyzed zircons. The

reason丘:>r the scattered data points especially in high-U content region (>5000 ppm U)

in Fig.16 might be that the high-U zircons have incorporated uranium derived from

uraninite in and around Bangombe RZ. Therefore, the U/Pb correction by Williams

and Hergt (2000) could not be applied丘jr the analyzed zircons in this study. In Fig. 16,

large variations of A206pb/238U appear beyond 2000-3000 ppm U. Moreover, even if

some of the analyzed zircons have not incorporated uranium derived丘om uraninite, the

conventional Pb/U calibration technique does not function for high- U zircon over 2500

ppm U as reported in Williams and Hergt (2000). Therefore, calibrated SHRIMP

206Pb/238U data丘)r the zircons having <2500 ppm U were directly adopted. On the

other hand, the Pb/ U data with high-U concentration over 2500 ppm were

determined by the analytical combination of U/Pb elemental ratios by EPMA and Pb

isotopic compositions by SHRIMP.　The analytical data of zircons with U
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concentration less than 2500 ppm are shown in Table 7(A), in which the LJ-Pb data and

U concentration were obtained by SHRIMP analyses. On the other hand, those with U

concentration more than 2500 ppm are shown in Table 7(B), in which the U-Pb data by

SHRIMP and EPMA and U concentration by EPMA are also listed. In order to

calculate a 238U/ 06Pb elemental ratio from the analytical data of EPMA, 235U/238U ratio

is essential. The U/238U ratios obtained by SHRIMP analyses are shown in Table 7,

which indicates that large numbers of U!238U ratios are slightly lower or higher than a

normal 235u/238U (- 0.00725). The depletion of 235U suggests that the depleted-U

derived丘om fission reactions of Ziiu in the reactor zone (2"U/ZJ8U - 0.005855士

0.000003) migrated into zircon grains above the reactor zone. Although the excess of

235U is rare, a few examples have been observed in clay mineral and apatite (e.g., Bros

et al., 1993; 1996; Horie et al., 2004). The Uenrichment can be interpreted as the

selective uptake of Pu produced by neutron-captured U. Previous works

suggested that the chemical fractionation between U and Pu might be occurred in

associated with a locally oxidizing condition arising丘om radiolysis of water (Savary

and Pagel, 1997; Horie et al., 2004).

Fig.17 shows Tera-Wasserburg LJ-Pb Concordia diagrams. In Fig. 17(a), all of

the SHRIMP data including high-U zircons were reduced with the conventional

calibration method. On the other hand in Fig. 17(b), the data derived丘om the

analytical spots having U concentrations less than 2500 ppm were obtained by the

conventional calibration technique and those more than 2500 ppm were obtained by the

analytical combination ofEPMA and SHRIMP. The detailed comparison of two data

sets between Fig. 17(a) and (b) indicates that most of the U/ Pb values having U >

2500 ppm calibrated by the conventional method (Fig. 17(a)) are lower than those
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estimated from U/Pb elemental ratios by EPMA analyses (Fig. 17(b)). However, the

both U-Pb data between Fig. 17(a) and (b) have same tendencies in low U′06Pb

region ( U/ Pb < 7), which allows us to understand the geological history in this site.

If the U-Pb decay system works as a chronometer, the individual data on a concordia

diagram provide geochronological in且)rmation. The U-Pb data in Fig. 17 suggest that

the LJ-Pb decay system of the zircons above the reactor zone are largely disturbed and

the data in the diagram have mainly two trends derived from at least three-components

(points A, B and C in Figs. 17(a) and (b)). One of three end-members (point A in Figs.

17(a) and (b)) corresponds to a concordant LJ-Pb age of 2.8 Ga. Two zircon grains

plotted on the mixing line of components A and B are丘om the sample in CHAPTER 2

and showed higher crystallinity than the other zircon grains in Raman spectroscopic

analysis and have low U concentrations less than 400 ppm. As shown in section

2.4.3.2 (CAHPTER 2), the SHRIMP U-Pb analyses of two zircon crystals in the

basement rock have shown the age of 2.8 Ga (Mathiue et al., 2001). Therefore, it is

reasonable to consider that at least two zircon grains plotted on the mixing line of

components A and B were derived丘om the basement rock in this site. The other two

end-members (points B and C in Figs. 17(a) and (b)) have the large variation of the

238u/2o6pb data from 0 23 t0 38 8 and the small variation of 207Pb/206Pb data (most

values are near 0.1ト0.12), which suggests the existence of independent U and Pb

sources that have migrated into zircon grains. Judging丘om the 207Ph/206pb ratios

commonly observed especially in low U/Pb parts of the zircon, the migrated Pb into the

zircon was probably derived from the same source as that which formed the galena

above the Bangombe RZ. The previous studies revealed that the U and Pb originated

2.05-Ga old uraninite have occurred a large chemical丘actionation under recent severe

32



weathering within one million years (Hidaka et al., 2005). Because the Pb/ Pb

data show a small variation of-0.12 corresponding to the mean age of 1959土12 Ma

selected丘0m 23 of 46 as the best of the zircon analyses, U and Pb of these two

components were originated丘0m 2.05-Ga old uraninite and migrated into zircon grains

independently under the recent severe weathering.

3.4　Conclusions

The isotopic data using a SHRIMP clearly show the distribution patterns of the

fissiogenic REE isotopes from the RZ to the peripheral rocks. The zircon in the clay

layer effectively trapped large amounts of the fissiogenic Nd, Sm and Eu derived from

the reactor and prevented them migrating into the black shale layer. On the other hand,

Ce isotopic ratios of the zircons in the clay and black shale layers have larger variations

than those the other REE. This is clear evidence of a large chemical丘actionation

between Ce and other REE above the reactor caused by the chemical characteristics of

the altered zircon under the oxidizing atmosphere and severe weathering condition.

The conventional IHPb calibration technique for in-situ SHRIMP zircon

analysis does not always function especially for high-U zircon (>2500 ppm U), as

Williams and Hergt (2000) pointed. However, the bias of 206Pb/238U with U content

over 2500 ppm could not be identified in this study. Therefore, the conventional

calibration technique was applied to only the zircons with U < 2500 ppm. High-U

zircon grains having U over 2500 ppm were determined by the analytical combination

of U/Pb elemental ratios by EPMA and Pb isotopic composition by SHRIMP. The

U-Pb data of zircons provide chronological information on the igneous activity

associated with the basement rock丘)rmation at 2.8 Ga and geochemical evidence of the
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incomplete mixing of independent Pb and U sources originated丘0m 2.05-Ga old

uranmite under the recent severe weathering.
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CHAPTER 4

Formation and geochemical significance of micrometallic aggregates

including fissiogenic platinum group elements in the Oklo natural
reactor, Gabon

The long-term behavior of radioactive isotopes in the geosphere is of great

interest in terms of establishing an underground nuclear waste repository. Studies of

natural analogues in uranium and thorium deposits provide information on fixation

and/or release processes of radioactive isotopes in geological formations over long

periods of time (e.g., Cramer and Smellie, 1992; Maravic and Smellie, 1992). Among

the natural analogues, the Oklo uranium deposit is considered a unique and important

example because of the large-scale fission reactions that occurred 1.95　Ga ago

(Gauthier-Lafaye et al., 1996).

Since the discovery of the first reactor zone (hereafter RZ) in 1972 (Bodu et al,

1972; Neuilly et al, 1972), 16 RZs have been identified in the Oklo uranium deposit

and numbered in the chronological order of their discovery (Fig. 2). Among these 16,

RZs 1 to 9 were discovered during open pit mining operations and have since undergone

considerable weathering under the prevailing oxidizing condition near the surface. On

the other hand, RZs 10 to 16, which were discovered later, have experienced only a little

weathering because they are located in an underground mine in a more reducing

environment (Fig. 3).

One of the major concerns is to identify the factors that control the mobility and

retention of fission products in geological media. Radionuclide migration out of the

RZs was caused mainly by three events. During the criticality, there was extensive
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hydrothermal alteration due to the heat of nuclear reactions (Gauthier-Lafaye et al,

1989). ARer the criticality, the RZs were altered 1000-700 Ma ago by regional

extension and the intrusion of the Neoproterozoic dykes (Bonhomme et al, 1978;

Gauthier-Lafaye et al., 1996; Evins et al., 2005), and finally by recent alteration and

supergene weathering (Janeczek and Ewing, 1996a, 1996b; Stille et al., 2003).

The chemical states of fission products in artificially irradiated nuclear fuels

obtained from elemental analyses have indicated that fissiogenic Mo, Tc, Ru, Rh, Pd,

Ag, Cd, In, Sn, Sb and Te form metallic precipitates (Kleykamp, 1985). The first

transmission electron microscope observation of the alloy particles in light-water reactor

spent fuel was performed by Thomas and Guenther (1989), and alloy particles referred

to as epsilon phase were found to exist in the fuel-clad gap or at the boundaries of fuel

grains. The chemical compositions of the epsilon phase extracted from spent fuel vary

in a narrow range and the average composition (wt.%) is 32.7% Mo, 40.5% Ru, 7% Tc,

4.2% Rh, ll.7% Pd and 3.8% Te (Cui et al., 2004). Similar aggregates (in common

parlance, metallic aggregates) have been found in RZs 10 and 13 of the Oklo uranium

deposit (Gauthier-Lafaye et al., 1996; Hidaka et al, 1993, 1999; Utsunomiya and Ewing,

2006), and in sandstone below the Bangombe RZ (Janeczek, 1999). The aggregates

consist of several fine minerals intergrown with galena (PbS) and U minerals

(Gauthier-Lafaye et al., 1996). The sizes of the aggregates range丘om a few microns

to lOOトim. In particular, larger-sized aggregates with diameters of -100トim were

found in the sample SD37-S2/CD collected from RZ 13 (Gauthier-Lafaye et al., 1996).

The chemical compositions of the aggregates found in RZ 13, determined by electron

probe microanalysis (EPMA), are mainly Pb, Ru, Rh, Te, U, As and S, with the average

composition (wt.%) being 38.89% Pb, 33.51% Ru, 4.64% Rh, 2.71% Te, 0.39% U,
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7.99% As and 7.43% S (Hidaka et al., 1999). There is good correlation between the

Ru-Rh-Te-As-S content and Pb-S content, suggesting that the aggregates are a mixture

of these two components (Gauthier-Lafaye et al., 1996; Hidaka et al., 1999).

Considering complexly mixed textures of the aggregates observed using a

high-resolution transmission electron microscope, Utsunomiya and Ewing (2006)

suggested that dissolution and precipitation occurred within the aggregates in

association with As-bearing and Pb-rich fluids.

Ru isotopic compositions of the Oklo samples can be used to deduce Tc behavior

because Tc decays to Ru with a relatively long half-life of2.1 × 103 years. yyTc is

an isotope of great concern in safety assessments of nuclear waste repositories as it can

contribute significantly to the calculated dose for 10,000 years a丘er repository closure

(e.g., Chen et al., 2000). Previous isotopic studies of whole rocks using Oklo reactor

samples indicated that the isotopic abundance of Ru expected from the experimentally

obtained fission product yield deviates from the measurement values (Frejacques et al.,

1975; Curtis, 1986). The deviations of fissiogenic Ru can be interpreted as an

addition or depletion of Tc, and suggest the occurrence of chemical丘actionation

between Ru and Tc in RZs. Although all of the Tc has already decayed to 99Ru at the

Oklo site, the geological behavior of fissiogenic 9 Tc in the RZs can be infbrred from the

isotopic composition of fissiogenic Ru. As the metallic aggregates in RZs constitute

the host phase for large amounts of fissiogenic Mo, Ru, Rh and Pd, microscale analyses

of the individual aggregates are necessary for further discussion. In situ isotopic

analyses of the aggregates found in RZs 10 and 13 employing secondary ion mass

spectrometry (Gauthier-Lafaye et al., 1996; Hidaka et al, 1993, 1999) revealed a more

selective incorporation of Tc than Ru in the metallic aggregates.
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There are scant data on Ru isotopic compositions of individual metallic

aggregates. Therefore, the purpose of this study is to understand the long-term

geological behavior of fission products and actinides such as Zr, Mo, Tc, Ru and U

incorporated in the metallic aggregates from in situ isotopic analyses. Moreover, we

propose to discuss the prevailing processes and conditions during the formation of

metallic aggregates, as predicted丘om chemical and isotopic compositions measured in

this study.

4.1　Reactorzone 13 in uranium deposit

RZ 13 was discovered in 1984 at the south dome of the Oklo uranium deposit

(Fig. 2). AlthoughRZ 13 is a smallreactor which is 30 cmthick, 6 mwide, and 10 m

long, its vicinity has a very high uranium content (up to 87%) with highly depleted U

(down to -"W^U - 0.0038) (Gauthier-Lafaye et al, 1996). RZ 13 exists between

two galleries, SD35 and SD37. The sample SD37-S2/CD used in this study was

collected丘om an area with the highest depletion of U ( U/238U - 0.004630) within

the borehole SD37-S2 in RZ 13 (Holliger, 1993). Althoughboth the RZs of 10 and 13

contain metallic aggregates that show certain degrees of alteration in weathering and

redox conditions, they have different distances from the dolerite dykes, RZ 13 being

closer (25 m) whereas RZ 10 is far away (Fig. 2). Large scale of U and Pb

mobilization in RZ 13 in association with the dolerite dike dated 860 Ma has been

reported (Holliger, 1992, 1995; Nagy et al., 1993; Gauthier-Lafaye et al., 1996; Evins et

al., 2005). In addition, significant differences in the nuclear characteristics of RZ 13

from those of other RZs are known and they are as follows: (1) The proportion of U

fission of SD37 is extremely high at 18% of the total fission, while those of other RZs
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are less than 5.0%. (2) Estimated criticality duration time of SD37-S2/CD is shorter

(2.42xlO years) than those of other RZs (2.0 to 8.0xlO years), although the neutron

fluence is nearly the same as those of others (Hidaka and Holliger, 1998).

4.2　Sample preparation

A few grams of the SD37-S2/CD were leached with 2M HNO3 in order to

completely dissolve uraninite in the matrix and the residues were collected for this

study. The residues were then mounted on epoxy resin, and polished with 1/4 um

diamond paste.

4.3　Analytical procedures

4.3.1 (〕uantitative analyses by EPMA

Before conducting a sensitive high-resolution ion microprobe (SHRIMP)

analysis, EPMA (JEOL JXA-8200) was performed to quantitatively determine the

major elements and obtain back-scattered electron (BSE) images of individual

aggregates. The analytical spot size for the quantitative analysis was 2トim, and the

electron beam current was 20 nA at an acceleration voltage of 15 kV. The EPMA data

were calibrated using reference materials consisting of pure metals (Ru, Rh, Pd, Te and

Bi in ASTIMEX METM25-44) and compounds (U02, GaAs, PbS, CuFeS2, NiO and

SD2S3). The analysis lines and crystals used were Ru Lα Rh Lα Pd L P Te Lα, Bi

Mα,UMβ AsLα PbMα, SKα CuKα NiKαandSbLαandLiF丘)rNiandCu,

TAP丘)r As and PET丘)r Ru, Rh, Pd, Te, Bi, U, S, Pb and Sb. The average limits of

detection were 240 ppm for Ru, 250 ppm丘Dr Rh, 430 ppm丘>r Pd, 250 ppm丘Dr Te, 360
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ppm for Bi, 410 ppm for U, 240 ppm for As, 370 ppm for Pb, 90 ppm for S, 350 ppm

for Cu, 260 ppm forNi and 250 ppm for Sb. As a result, 34 aggregates were identified

by EPMA in this study. Fig. 18 shows BSE images of typical metallic aggregates

measured in this study. The BSE images indicate that the sizes of the aggregates range

斤om <10 ト上m to 50 |j,m, and the aggregates seem to be polyphase grains consisting of

fine particles smaller than the micron scale (Figs. 18(a) and (b)). Major elements of

the aggregates are Ru, Rh, Pd, Te, Pb, As, S and Bi. In addition, the existence ofU,

Sb, Ni and Cu as minor elements in the aggregates was confirmed.

4.3.2 In-situ isotopic analyses by SHRIMP

Although the concentrations of Mo and Zr in the aggregates were below the

detection limit of quantitative EPMA (less than 0.01 wt.%), they could be measured

through SHRIMP analysis. In this study, 14 relatively large aggregates (larger than 20

(im) were selected丘0m 34 aggregates for in situ isotopic analysis. The isotopic

analyses of Zr, Mo, Ru, Pb and U were performed using SHRIMP II at Hiroshima

University. A nanoamp-scale beam of O2　primary ions was used to sputter a 5ノum

analytical spot on the individual aggregates. The peaks of Zr, Zr, Zr+ Mo,

94Zr+94Mo, 95Mo, 96Zr+96Mo+96Ru, 97Mo, 8Mo+98Ru, "Ru, 100Mo+100Ru, 101Ru,

102Ru+102Pd, 104Ru+104Pd, 204pb, 206Pb, 207Pb, 208Pb, 235U and 238U were measured with a

mass resolution of 5800 (M/AM at 1% of the peak heig叫) using a 80トim wide source

slit and a lOOトim wide collector slit.

An ASTIMEX metal standard mount METM 25-44 was used as the standard

material of nonfissiogenic isotopes, and isotopic analyses in terms of Zr, Mo and Ru
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were performed to confirm the analytical precision and the instrumental mass

丘actionation. Since the mass numbers of 92, 94, 96, 98, 100, 102 and 104 have

isobaric interference for Zr, Mo and Ru isotopic measurements in SHRIMP analysis,

only the isotopic ratios of 90Zr/91Zr, 97Mo/95Mo and 99Ru/101Ru are discussed in this

study. The isotopic ratios, 9Xzxrzx, "Mo^Mo and 99Ru/101Ru, in the standard

materials were corrected for instrumental mass fractionation by an exponential law

using the values of94Zr/90Zr - 0.3381, 96Mo/95Mo - 1.0527 and 96Ru/101Ru - 0.3249 as

normalization factors (Minster and Ricard, 1981; Poths et al., 1987; Wieser et al., 2007).

For the convenience of comparing with previous isotopic data (Hidaka et al., 1994; Bros

et al., 2003), the Zr isotopic data were finally treated as Zr/^Zr after conversion丘om

91Zr/90Zr.

Only after the analyses for Zr, Mo and Ru were conducted, Pb and U isotopic

analyses were performed separately. For Pb and U isotopic analyses, NIST SRM610

glass was used as the standard material. In the case of U isotopic analysis, AS3

standard zircon (Z"U/^8U - 0.00725ア0.00004) was also measured to check the

terrestrial U isotopic ratio.

4.4　Results

4.4. 1 Chemical compositions of metallic aggregates

Twenty-two analytical spots from 14 typical metallic aggregates were selected

for EPMA in this study. The data of the chemical compositions are presented in Table

Data previously obtained for metallic aggregates in RZs 10 and 13

(Gauthier-Lafaye et al., 1996; Hidaka et al, 1999) are also presented for comparison.
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The chemical compositions of the aggregates investigated in this study are significantly

different from those for RZs 10 and 13 reported previously. In this study, we used the

same sample SD37-S2/CD that was used previously to find metallic aggregates (Hidaka

et al, 1999). This suggests that the heterogeneity of the metallic aggregates in the

sample is extremely high.

The Pb contents in the aggregates (1.24-4.49 wt.%) found in this study are

lower than those of other aggregates in RZs 10 and 13 (14.16-59.02 wt.%) reported

previously. Hidaka et al. (1999) reported the data of chemical compositions of

individual aggregates in RZ 13, and demonstrated a good correlation between

Ru+Rh+Te+As+S and PbS components. Therefore, the metallic aggregates are

considered to -have been丘)rmed by the mixing of two end-members: one component

being mainly Ru, Rh and Te produced by fission and the other being galena existing in

the RZ uraninite. However, the aggregates丘)und in this study show no correlation

between the contents of Pb and S, which suggests that the Pb does not exist in the

aggregates as galena (Fig. 19(a)). A positive correlation between the contents of Pb

and U was observed in this study (Fig. 19(b)). This result implies that a major part of

the Pb in the aggregates丘)und in this study might be radiogenic Pb derived丘om U.

The fundamental difference between metallic aggregates in natural reactors and

epsilon phase in spent fuel is their chemical forms; the metallic aggregates are bound to

As or S (or both), while the epsilon phase has a metallic bond (e.g., Janeczek, 1999).

The metallic aggregates have been considered to be affected by hydrothermal fluids

bearing As, S and other trace metals derived丘om the criticality and/or intrusion of

dolerite dyke (Utsunomiya and Ewing, 2006). In previously reported studies, all of the

metallic aggregates found in RZs 10 and 13 have shown a positive correlation among
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Ru-, Rh- and Pd-As (Gauthier-Lafaye et al., 1996; Hidaka et al, 1999). However, the

aggregates investigated in this study show different trends among the concentrations of

Ru, Rh, Pd and As. The concentration ofRu has a clear negative correlation with that

of As (Fig. 20(a)), while that ofPd has a positive correlation with that of As (Fig. 20(b)).

The concentration ofRh has no correlation with that of As. These results suggest that

the fissiogenic Ru, Rh and Pd have different chemical behaviors in the aggregates.

The concentration of Ru in the aggregates has a clear positive correlation with that of

Cu (Fig. 20(c)). The concentrations ofRu and Cu have negative correlations with the

concentration of As and no discernible correlation with the concentration of S.

There丘)re, we can reasonably surmise that Ru and Cu might exist in the aggregates as

an alloy. Judging丘om the correlations of elements, two main phases might compose

the metallic aggregates found in this study:　Ru-Cu phase and

Rh-Pd-Te-Pb-U-As-S-Bi-Sb-Ni phase. In the Rh-Pd-Te-Pb-U-As-S-Bi-Sb-Ni phase,

Rh has coexisted with Te and S, and Pd has coexisted with As, Bi, Pb, U and Sb. On

the other hand, the concentration of As is also positively correlated with the

concentrations of Te and Ni. Therefore, it is possible that some phases have

congregated in the As-bearing phase in the aggregates in a complicated manner.

The average ratios ofRu/R〟Te in RZs 10 and 13 have been repon亡ed as 36!7/1

and 12/2/1 (Te - 1), respectively (Gauthier-Lafaye et al., 1996; Hidaka et al., 1999),

which would reflect the conditions of the reactor operation and the degrees of alteration

by thermal events through intrusion of the dolerite dyke. The average ratio of

Ru/Rh/Te in the aggregates observed in this study is 13/2/1. Although the chemical

compositions differ between the aggregates in this work and those in the work of

Hidaka et al. (1999), especially the contents of Pb and S, the ratios of Ru/R〟Te are
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almost the same. This suggests that the effects of hydrothermal fluid that led to the

migration ofPb and the precipitation ofPbS would have been different in the local area

of RZ 13 while the fissiogenic Ru, Rh and Te have been well preserved in the

aggregates since they were丘)rmed.

4.4.2Isotopedistributioninmetallicaggregatesdeterminedbyinsitu

SHRIMPanalysis

4.4.2.1Uranium

The235U/238Uisotopicratiosin14metallicaggregatesofRZ13measuredinthis

studyarepresentedinTable9andplottedinFig.21.TheU′3Uratiosofmetallic

aggregates(0.00478-0.01466)havelargevariationscomparedwiththestandardvalue

(0.00725).DepletionofUiscommonlyobservedinandaroundtheRZsbecauseof

theconsumptionofUbyfission.Besidesthedepleted235u/238Uinthewholerock

sampleSD37-S2/CD,twometallicaggregatesfoundinRZ13alsoshowdepleted

235tt/238U/238UoftheorderofO.0038(Gauthier-Lafayeetal.,1996).Theenriched235U/238U

ratioshavebeenobservedonlyinafewsamplesofclaymineralsandapatite,aroundthe

reactorzone(Brosetal.,1993,1996;Horieetal.,2004).IntheOkloRZs,239Puwas

producedbyfastneutroncaptureofU.Thepresenceofexcess235Uhasbeen

explainedbythemechanismofselectiveincorporationofPuintospecificminerals

a洗ertheincidenceofchemicalfractionationbetweenUandPu,asPudecaystoU

withahalf-lifeof2.4×l(fyears(Brosetal.,1993,1996;Horieetal,2004).The

enrichedU/UisotopicratioobservedinapatitearoundRZ10hasbeenexplained

bythechemical丘actionationbetweenUandPuinanoxidizingconditionmade
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possible by a rise in the concentration ofradiolytic oxygen (Horie et al., 2004).

4.4.2.2　Lead

As described in section 4.4. 1, the metallic aggregates investigated in this study

have extremely low Pb contents and a portion of Pb in the aggregates might be of

radiogenic origin from RZ uraninite. This result may provide a clue to understanding

the formation processes of the metallic aggregates, as the aggregates investigated in this

study appear to have been formed under a different condition or at a different time

compared with the previously found aggregates. The chronological interpretation of

Pb-Pb data in the Oklo samples is complicated owing to the significant mobilization of

Pb due to the intrusion of the dolerite dyke (Gauthier-Lafaye et al., 1996). Therefore,

only a detailed comparison of the Pb isotopic data would make a discussion on the

origin of the Pb component in the metallic aggregates possible.

The Pb isotopic data of 12 metallic aggregates are presented in Table 9 along

with the previously generated data of aggregates in SD37-S2/CD (Gauthier-Lafaye et al ,

1996). Moreover, to ascertain the evolutionary history of Pb isotopes, the Pb/206pb

vs. 207Pb/206Pb data of the metallic aggregates are plotted in Fig. 22. The Pb in

metallic aggregates at the Oklo site is assumed to have had two modes of origins: (1) Pb

originated丘om galena, which originally existed in uraninite matrices and/or was

precipitated by the thermal event accompanied by the intrusion of the dolerite dyke, and

(2) radiogenic Pb was derived丘om RZ uraninite. The Pb isotopic data ofgalena and

uramnite in RZ 13 are also plotted in Fig. 22丘)r comparison. As shown in Table 9 and

Fig. 22, all of the 207Ph/206pb and 208Pb/206pb isotopic ratios in this study (0.09ト0.121

and 0.00715-0.00894, respectively) are lower than those of the aggregates reported
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previously (0.1259-0.1266 and 0.01376-0.01413, respectively) and galena (0.12990

and 0.01382, respectively) in SD37-S2/CD. The difference in Pb isotopic ratios was

perhaps due to the mode of origin of Pb in the aggregates-　The lower 204Pb/-206pb,

Pb/ Pb and 208Pb/206Pb isotopic ratios observed in the aggregates found in this study

are similar to those of the native lead found in RZs (0.00012-0.00013, 0.10160-0.10170

and 0.00613-0.00614, respectively), which are also plotted in Fig. 22 for comparison.

Native lead has been丘Dund in RZs 10 and 13 and is considered to contain radiogenic

lead from highly depleted 2JiU (Gauthier-Lafaye et al, 1996). Since the Pb in the

aggregates does not bond to S and may be radiogenic Pb derived丘om U, the mode of

origin of Pb in some aggregates having depleted U is considered similar to that of

native lead.

4.4.2.3　Zirconium

Zr has five stable isotopes with mass numbers of 90, 91, 92, 94 and 96, and all

are produced by fission. The 9 Zr/91Zr ratios obtained in 14 metallic aggregates are

presented in Table 10 and Fig. 24(a), together with isotopic ratios of fissiogenic and

nonfissiogenie Zr. Fissiogenic Zr/ !Zr - 0.9456 presented in Table 10 is calculated

斤om the fission yield of Zr relative to Zr (England and Rider, 1988) after taking into

consideration the fission inventory for U, U and Pu in SD37-S2/CD (Hidaka et

al, 1999). The 90Zr/91Zr ratios of metallic aggregates (1.648-蝣2.651) show that the

Zr/ Zr data of the aggregates are between fissiogenic and nonfissiogenic 90Zr/91Zr

ratios (0.9456 and 4.659, respectively). This result indicates that the Zr isotopic

compositions in the aggregates are attributed to a mixture of two components:

nonfissiogenic Zr丘om native material and fissiogenic Zr丘om RZ material. However,
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the data of three analytical spots (metallic aggregates 2-1, 2-2 and 3-2) show significant

excess of the Zr isotope. The BSE image of metallic aggregates 2-1 and 2-2 in Fig.

18(a) shows the existence of microinclusions in the aggregates. Moreover, the

existence of silicates of U and Zr has been reported in the aggregates found in RZ 10

(Gauthier-Lafaye et al., 1996). Therefore, the mixing ratios of fissiogenic and native

Zr might be different in such an inclusion丘om those ofRu-, Rh- and Pd-rich regions.

4.4.2.4　Molybdenum

The y/Mo/95Mo isotopic ratios丘)r 14 metallic aggregates are presented in Table

10 and Fig. 24(b). The results indicate that the Mo isotopic compositions ( Mo/ Mo

-　0.817　±　0.005-0.932　±　0.005) are due to mixing between fissiogenic and

nonfissiogenic Mo (97Mor5M0 - 0.9768 and 0.5986 ± 0.0002). In addition, the

97Mo′'Mo isotopic ratios are consistent among all aggregates. This consistency

suggests that the mixing ratios of fissiogenic and nonfissiogenic Mo were the same in

all metallic aggregates.

4.4.2.5　Ruthenium

Ru is a minor element in common crustal rock, but is present in high quantities

in RZs because of the high fission yields ofRu (Loss et al., 1989). Ru has seven stable

isotopes with mass numbers of96, 98, 99, 100, 101, 102 and 104. Among these seven

Ru isotopes, 99Ru, 101Ru, 102Ru and 104Ru are produced by fission, while 96Ru, 98Ru and

'Ru (shielded by 9 Zr, 98Zr and J Mo, respectively) are not produced in any

appreciable quantity by fission. The Ru/ Ru isotopic ratios measured in this study

an



are presented in Table 10 and Fig. 24(c). Figure 24(c) also contains a plot of the

expected fissiogenic and nonfissiogenic Ru/ Ru (0.7550 and 1.136). The figure

shows significant deviations of the Ru/ Ru ratios measured in this study from the

expected values assumed from mixing between the expected fissiogenic and

nonfissiogenic 99Ru/101Ru. The deviations of 99Ru/101Ru ratios丘om the expected

fissiogenic value in the Oklo samples have been recognized to be a result of chemical

fractionation between Ru and Tc, as Ru is produced by Tc with a relatively long

half-life of2.1 × 10　years (e.g., Frejacques et al., 1975; Curtis, 1986; Hidaka et al.,

1993, 1999). Indeed, the metallic aggregates reported by Hidaka et al. (1993) have

shown the presence of enriched Ru/101Ru, the existence of which is interpreted as a

case of selective uptake of Tc into metallic aggregates under a reducing condition.

On the other hand, the depleted Ru/ Ru in the metallic aggregates has never been

reported. An isotopic enrichment and depletion of Ru have been observed in

uraninite matrices (Hidaka et al., 1993, 1999). Such a variation of the Ru isotopic

abundance in uraninite samples is considered to have been caused by the presence of a

local oxidizing condition in UO2 matrix due to the radiolysis of water. The U isotopic

ratios in the aggregates investigated in this study suggest that the aggregates might have

been affected by the radiolysis of water and that the redox conditions changed locally.

The variation in Ru/ Ru confirms a change in the redox condition in the aggregates

during the reactor operation.

4.5　Discussion

4.5.1 Effect of the radiolysis of water
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Radiolysis of water is commonly observed when the spent fuel is directly

exposed to groundwater, where both oxidants (OH☆, H202, H02☆ and O2) and reductants

(hydrated electrons (eaq~), H☆ and H2) are produced. Interestingly, the radiolysis of

water being effectively catalyzed by Pd (as a model for noble metal particles) has been

reported (Nilsson and Jonsson, 2008). Therefore, radiolysis of water in the metallic

aggregates in the natural reactors is envisaged, and this reaction has led to oxidizing and

reducing conditions inside the aggregates.

4.5.2　Chemical fractionation

4.5.2.1　UandPu

Aggregates that contain O, Zr, Mo, Ru, Pd, U and Pu have been observed in

spent fuel (Buck et al., 2004). The individual particles forming the aggregates are only

a few microns across, and the particles that contain O, Zr, U and Pu are mixed within

the aggregates. Likewise, the metallic aggregates could well have incorporated a part

of the RZ uraninite containing O, Zr, U and Pu during their formation. U rather than

Pu very likely underwent selective dissolution within the oxidized area owing to the

radiolysis of water in the aggregates, which resulted in chemical丘actionation between

U and Pu. The ratios of chemical丘actionation between U and Pu could have led to

the heterogeneous distribution of U and depletion and enrichment of U/ U in the

aggregates.

4.5.2.2　UandPb

U in the aggregates is considered to have been derived from the 2.05 Ga-old
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uraninite in RZ. The incorporation of the 2.05 Ga-old uraninite of RZ in the metallic

aggregates perhaps occurred 1.95 Ga ago when the丘ssion chain reactions of U were

initiated and the formation of fissiogenic platinum group element (PGE) particles began.

The chemical丘actionation between U and Pu must have completed during the reactor

operation because of the short half-life of Pu. After the chemical fractionation, the

radiogenic Pb isotopic compositions should vary depending on the U/ U isotopic

ratio. 235U./238U vs. 207ph/206pb of the metallic aggregates is plotted in Fig. 6. In the

absence of chemical fractionation between U and Pb since the deposition of the Oklo

uraninite 2.05 Ga ago, the 2U'pb/-206Pb isotopic ratio of the aggregates can be expressed

as afunctionofthe U/ Uisotopicratio:

筒-(芸敬。BGa聞n
e軍pC九;t) - 1

e耳p(九日t) - 1

exp(?i.St) - 1

e耳p(九普t) - 1

where C?b/206Pb) is the calculated 207Pb/ Pb ratio of the metallic aggregates,

Pb//uTb)2.。5 Ga - /u/pb/2UTb is derived from normal U for 2.05 billion years after the

consideration of common lead (/ubPb//U4Pb - 18.61, /u/Pb/zu4Pb - 15.74 (Mathieu et al.,

2001)), (235U/238U)n is the normal 235U/238U ratio, X5 is the decay constant of235U, x8 is

the decay constant of U, t is the age of the criticality (1.95 × 10y a), and ^u//jSU is

the varying -"W^U ratio.

The calculated 207Pb/206pb values are shown in Fig. 23 and are seen to increase

linearly with ^U/^U (see the line denoted "f - 1" in Fig. 23). Although the

Pb/ Pb ratios of the aggregates measured in this study have a positive correlation

with ziiu/238U ratios, the measured values deviate丘om the calculated values as the

235u/ U ratio rises. The deviations of the measured values丘om the calculated values

can be explained by various ratios of chemical丘actionation between U and Pb in each
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aggregate.ThepossiblemajoreventsthatledtoU-Pbchemical丘actionationare

consideredtohaveoccurredduringthereactoroperation1.95Gaagoand/orduringthe

intrusionofthedoleritedyke0.86Gaago(UtsunomiyaandEwing,2006).However,

ourresultinFig.23suggeststheoccurrenceofU-Pb丘actionationdurir唱thereactor

operationbecausethedeviationsbetweenmeasuredandcalculatedvaluesincreasewith

anincreaseintheU/Uratio.Asdescribedinsection4.4.2.1,theU/3Uratios

oftheaggregateschangedwiththedegreeofchemical丘actionationbetweenUandPu

undervariousredoxconditionsduringthereactoroperation.Sincethechemical

behaviorsofUandPbdiffer,theoccurrenceofchemicalfractionationbetweenUand

PbduringthedissolutionofU丘omtheaggregatesisconsideredreasonable.

Assumingthatthechemical丘actionationbetweenUandPboccurredduringthereactor

operation,thePb/Pbisotopicratiooftheaggregatescanbecalculatedas

閑f-(謁xf・間x(i-f)

pb

筒,b -筒2.。5G」顎
exp(九昌t) - 1

exp{Aat) - 1

where ( U/Pb/ Pb)f is the calculated Tb/ Pb ratio of the metallic aggregates during

chemical丘actionation between U and Pb 1.95 Ga ago, f is the proportion of the

nonfractionated U and Pb component relative to the total fraction, ( Pb/ Pb) is the

non丘actionated U and Pb component, and ( Pb/206Pb)pb is the丘actionated Pb

component 1.95 Ga ago. The (207Pb/20 Pb)f values calculated using f- 0.3, 0.5, 0.8

and 1 (non丘actionated value) are shown in Fig. 23. In the figure, the aggregates

having Z"U/ U - 0.004 to 0.005 indicate that there was no chemical丘actionation

between U and Pb, and their 'Pb/ Pb apparent ages are from 2.01 ± 0.24 to 2.30 ±
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0.18 Ga (metallic aggregates 1-1, 1-2, 10-1, 13-1 and 13-2 in Table 9), which roughly

correspond to the depositional age of the uraninite at Oklo dated 2.05 Ga. The

pbrubPb ratio of one analytical spot with ^u//38U - 0.00497 (metallic a軍gregate 5-1

in Table 9) is higher than the calculated value, and its Pb/ Pb apparent age is 2.41 ±

0.08 Ga. As shown in Table 9, metallic aggregate 5 (5-1 and 5-2) exhibits depletion as

well as enrichment of 2 5U/蝣238U, which demonstrates heterogeneous distributions of

235U/238U and radiogenic 207Pb/206pb on a microscale. Therefore, it is difficult to

demonstrate an accurate relationship between Pb and U isotopic compositions using the

data丘・om metallic aggregate 5 (5-1 and　5-2). On the other hand, chemical

fractionation between U and Pb in the aggregates having U/ U > 0.007 was

observed. InFig. 23, the datapointhavingthehighest U/ U(0.01466) isplottedin

the area of f - 0.3-0.4. This result demonstrates that the zu/Pb/206Pb present in the

aggregate that underwent the most severe chemical丘actionation was derived丘om the

mixing of two components, one being the nonfractionated U-Pb (30%-40%) and the

other being the fractionated U-Pb (60%-70%).

4.5.3　Effects of leaching on metallic aggregates

The differences in redox conditions strongly affect the dissolution rates of Mo,

Tc, Ru, Rh and Pd in metallic aggregates (e.g., Forsyth, 1996; Cui et al., 2001, 2004).

Leaching experiments on Mo-Ru-Tc-Pd-Rh-Te alloy particles extracted from spent fuel

have demonstrated similar rates of leaching for Tc and Mo (1.5 ppb/day), which are

three orders of magnitudes higher than those丘>r Ru, Rh and Pd. Moreover, the rate of

leaching of the epsilon phase under an oxidizing condition is -100 times that under a

reducing condition.
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4.5.3.1　Mo

The chemical compositions of the epsilon phase in spent nuclear fuel indicate

that fissiogenic Mo has the highest abundance of40 wt.% among fissiogenic Mo, Tc, Ru,

Rh and Pd (e.g., Cui et al., 2004). However, inclusion of Mo in the metallic aggregates

found in RZs has never been reported (Gauthier-Lafaye et al., 1996; Hidaka et al., 1999).

Since Mo has a high fission yield, large amounts of fissiogenic Mo are expected to have

been produced in the RZs and incorporated into the metallic aggregates during the

reactor criticality. In this study, however, EPMA revealed a Mo concentration under

the limit of detection (hundreds of parts per million) in the aggregates. The low

concentration of Mo in the aggregates found at the Oklo site is probably due to the

partial leaching of Mo from the metallic aggregates under reducing conditions (Cui et

al., 2001, 2004).　According to Hidaka et al. (1999), the metallic aggregates in

SD37-S2/CD formed during reactor operation. Therefore, the length of time over

which Mo leached from the aggregates might be about two billion years. A calculation

of the leached amounts of Mo during the aforesaid period of two billion years using a

leaching rate of 1.5 ppb/day shows the total leached amounts exceed the total Mo

content in the epsilon phase (about 40 wt.%). This result implies that Mo in the

aggregates should have leached out entirely during the previously mentioned two billion

years even under a reducing condition. However, the presence of some Mo has been

identified in SHRIMP analyses in this study. The difference between expected and

measured values of the concentrations of Mo suggests the leaching of fissiogenic Mo

out of the aggregates.
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4.5.3.2　Tc

Under changing redox conditions, two factors probably affect the chemical

丘actionation between Tc and Ru: (1) the incorporating ratios of Tc and Ru during

formation of metallic aggregates, and (2) the rates of leaching of Tc and Ru during and

after formation. Taking into account the half-life of 2.1 × l(r years for yyTc, the

丘actionation between Tc and Ru must have occurred over a period of-2.1 × 10 years.

In such a relatively long period of time, the Ru/ Ru ratios should be strongly affected

by the leaching behavior of Tc. As shown in section 3.2.4, the rate of leaching ofTc

is 10 -10　times that ofRu even under a reducing condition, and is about 1.5 ppb/day.

Considering the length of time of -2.1 × 10　years over which Tc leached, the total

amount of leached Tc is estimated as -1.2 × 10　ppm under a reducing condition.

The lowest 99Ru/101Ru ratio observed in this study is 0.324 ± 0.001, which indicates that

the total amount of leached Tc was the highest in all metallic aggregates. Assuming

that the rate of leaching of Tc under an oxidizing condition is -100 t血es that under a

reducing condition, the Ru/ Ru ratios of the aggregates decrease to 0.324.

4.5.4　Formation processes of metallic aggregates

Summarizing the results and discussions in this study, the formation processes of

the metallic aggregates at SD37-S2/CD in RZ13 can be described as丘allows (Fig. 25).

(i) The fissiogenic Mo, Tc, Ru, Rh, Pd and Te formed fine particles (less than a few

microns in size) during the criticality and were gathered at the grain boundaries of 2.05

Ga-old UO2 matrix. At the same time, the hydrothermal fluid including As, S, Te, Bi,

Sb, Ni and Cu started to circulate in and around the RZ, which altered and dissolved the
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original fissiogenic PGE particles and UO2 matrix. Through interaction between the

fissiogenic PGE particles and hydrothermal fluid, the metallic aggregates (a few tens of

microns to 100 |im in size) formed having two main end-members where the fissiogenic

Ru bonded to Cu while Rh and Pd丘)rmed complicated phases with As, S, Te, Bi, Sb

and Ni. In addition, the 2.05-Ga fine uraninite grains including U, Pu, Zr and

radiogenic Pb might have been derived from the alteration of UO2 matrix and

incorporated in the aggregates, (ii) During the criticality, there were oxidizing and

reducing conditions due to the radiolysis of water inside the metallic aggregates. In

the oxidizing regions, U, Mo and Tc might have leached丘om the aggregates, which led

to the chemical丘actionations between U and Pu, U and Pb, and Tc and Ru in the

aggregates, (iii) Subsequently, the second hydrothermal fluid was derived丘om

intrusion of the dolerite dyke 0.86 Ga ago at the Oklo site. Since this thermal event is

considered to have mobilized a large amount of Pb and U, the radiogenic Pb

accumulated in the UO2 matrix could dissolve in the fluid and produce the Pb-rich

hydrothermal fluid.　Such Pb-rich fluid has been considered to lead to the

precipitations of galena in the UO2 matrix and metallic aggregates and to form the

PbS-rich metallic aggregates observed in previous works. However, the absence of

PbS in the aggregates studied in this work suggests that the aggregates were not affected

by the Pb-rich fluids. There丘)re, the degrees of interaction between the hydrothermal

fluid and metallic aggregates could be different in the local area of SD37-S2/CD in RZ

13 during intrusion of the dolerite dyke.

4.5　Conclusions

The chemical compositions of the metallic aggregates investigated in this study
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are quite different丘om those for aggregates reported previously. In the absence of

any discernible correlation between Pb and S and in the existence of a positive

correlation between U and Pb in the aggregates, the source of Pb in the aggregates is

considered to be RZ uraninite and not galena. Although the U/ U isotopic ratios

observed in the RZ are generally depletedJhe ^Uノ238U isotopic ratios of the aggregates

show enrichment as well as depletion. The variable U/238U ratio suggests that the

aggregates were affected by the radiolysis of water, and there was large chemical

丘actionation between U and Pu in RZ 13 during criticality. The Pb isotopic ratios

demonstrate that most of the Pb components in metallic aggregates were丘>rmed by

radiogenic Pb derived from RZ uraninite. The deviation of the Pb/ Pb isotopic

ratio from the expected value suggests the occurrence of radiogenic Pb and U in an

incomplete chemical丘actionation during the criticality. The isotopic data of the

aggregates indicate that Zr and Mo isotopic compositions of metallic aggregates can be

explained by the mixing of fissiogenic and nonfissiogenic components. However, the

99Ru/101Ru isotopic ratios of the aggregates show enrichment as well as depletion in

each aggregate, which cannot be explained by the mixing of fissiogenic and

nonfissiogenic components. The variations of Ru/ Ru ratios are considered to be a

result of the incorporation of Tc and Ru in various ratios after chemical fractionation

between Tc and Ru during reactor operation. The large variations in the Ru/ Ru

and U/ U ratios probably suggest that the aggregates formed under various redox

conditions owing to the radiolysis of water.
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CHAPTER 5

Summary

The isotopic analyses of REE in U- and REE-bearing minerals and zircon from

the clay and black shale layers above the Bangombe natural reactor, Gabon, were

performed using a SHRIMP to investigate the migration and retardation processes of

fission products released from the reactor. In addition, to understand the long-term

geological behavior of fissiogenic Zr, Mo, Tc and Ru, the metallic aggregates taken

from RZ 13 m Oklo uranium deposit were also investigated using SHRIMP. In-situ Pb

and U isotopic data of specific minerals and metallic aggregate were useful to reveal the

geological events and timing that led to the migration of fissiogenic nuclides in and

around the natural reactors.

Several kinds of U and REE bearing secondary minerals, such as coffinite and

丘ancoisite, were found in the clays and black shales above the Bangombe RZ.

Isotopic data of 14OCe/142Ce, 145Nd/146Nd and I49Snv147Sm clearly reveal that these

minerals resulted丘om mixing between fissiogenic component丘om the reactor zones

and non-fissiogenic component丘om native minerals by recent geologic alteration.

REE isotopic data also show that most of fissiogenic LREE were effectively trapped in

the clays and not distributed into the black shales over the clays, which reveals that the

clays play an important role in preventing fission products from spreading.

The zircon crystals in the clays heterogeneously contain a U-rich region (up to

28.3 wt%) with normal lii¥jr5U ratios (-0.00725) and significant amounts of

fissiogenic REE, which indicate U and REE derived丘om RZ occurred chemical
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丘actionationanddepletedU丘omtheRZwaspartiallydissolvedandmixedwitha

largeamountofnormalU丘omnonreactormaterials.Althoughcrystallinezirconis

generallyconsideredtobedurableundermostgeochemicalconditions,highlydamaged

zirconinthisstudyshowedsignificantmigrationofUandREE.Zirconstakenfrom

theclaysandblackshalesneartheboundaryofclayandblackshalelayersindicated

thatlargeamountsofthefissiogenicNd,SmandEuderivedfromthereactorare

incorporatedintothezircongrainsinclaylayerbutdidnotmigrateintothezirconsin

blackshalelayer.Ontheotherhand,Ceisotopicratiosofthezirconsintheclayand

blackshalelayershavelargervariationsthanthoseoftheotherREE.Thisisclear

evidenceofalargechemicalfractionationbetweenCeandotherREEabovethereactor

causedbythechemicalcharacteristicsofthealteredzirconundertheoxidizing

atmosphereandsevereweatheringcondition.

Foraccuratechronologicalinterpretationformigrationoffissiogenic

components,thereliabilityofthecalibrationtechniquewascheckedusingthezircon

grainsfoundabovetheBangombeRZ.TheconventionalU-Pbcalibrationtechnique

forin-situSHRIMPzirconanalysisdoesnotalwaysfunctionespeciallyforhigh-U

zircon(>2500ppmU),asWilliamsandHergt(2000)pointed.However,thebiasof

206--/238Pb/UwithUcontentover2500ppmcouldnotbeidentifiedinthisstudy.

There丘>re,theconventionalcalibrationtechniquewasappliedtoonlythezirconswithU

<2500ppm.High-UzircongrainshavingUover2500ppmweredeterminedbythe

analyticalcombinationofU/PbelementalratiosbyEPMAandPbisotopiccomposition

bySHRIMP.TheIHPbdataofzirconstaken丘omtheclaylayerabovethe

BangombeRZprovidechronologicalinformationontheigneousactivityassociated

withthebasementrock丘>rmationat2.8Gaandgeochemicalevidenceoftheincomplete
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mixing of independent Pb and U sources originated丘0m 2.05-Ga old uraninite under

the recent severe weathering.

A few tens ofトIm-sized metallic aggregates consisting mainly ofRu, Rh, Pd, Te,

Pb, As, Sb, S and Bi were found in the acid residue ofuraninite丘om RZ 13 in Oklo

uranium deposit. The chemical compositions of the metallic aggregates investigated in

this study are quite different丘・om the aggregates reported previously. In the absence

of any discernible co汀elation between Pb and S and the existence of a positive

correlation among U, As and Pb in the aggregates, the source ofPb in the aggregates is

considered to be RZ uraninite and not galena. On the other hand, Ru and Pd show

different geochemical behaviors in the aggregate; Ru might form an alloy with Cu,

while Pd form a sulfide with As and S. Although the U/ U isotopic ratios

observed in the reactor zone are generally depleted, the U,/238U isotopic ratios of the

aggregates show enrichment as well as depletion. The variable　5U/238U ratio

suggests that the aggregates were affected by radiolysis of water and a large chemical

丘actionation occurred between U and Pu in the RZ 13 during cnticality. The Pb

isotopic ratios demonstrate that most of the Pb components in metallic aggregates were

formed by radiogenic Pb derived from RZ uraninite. The deviation of　7pb/ Pb

isotopic ratio丘om the expected value, suggests the'occurrence of radiogenic Pb and U

in an incomplete chemical fractionation caused by radiolysis of water during the

criticality. The isotopic data of the aggregates indicate that Zr and Mo isotopic

compositions of metallic aggregates can be explained by a mixing between fissiogenic

and non-fissiogenic components. However, the Ru/ Ru isotopic ratios of the

aggregates show enrichment as well as depletion in each aggregate, which cannot be

explained by a mixing between fissiogenic and non-fissiogenic components. The
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variations of Ru/ Ru ratios are considered to be a result of incorporation ofTc and

Ru in various ratios after the occurrence of a chemical fractionation between Tc and Ru

during reactor operation. The large variations of the Ru/ Ru and U/ U ratios

probably suggest that the aggregates were formed under various redox conditions due to

radiolysis of water.
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Fig. 1. Geological map of the Franceville basin.
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Fig. 2. The Location of Oklo reactor zones.



Fig. 3. Cross section of the deposit with the depth location of the reactor zones (modified

after Gauthier-Lafaye et al., 1996).



Fig. 4. (a) Location of the Bangombe RZ and the boreholes. Three boreholes, BA145,

BAX3 and BAX8, intersect the RZ. (b) Lithology and groundwater flowpaths in the

Bangombe area (after Stille et al., 2003). The groundwater flow is indicated by arrows.
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Fig. 5. Petrologic type of stratigraphic section of the BAX3 drill core and the locations

of samples used inthis study. BAX3.1170 is fromthe clay part. BAX3.1040 , 1065 and

1130 are from black shales.



Fig. 6. BSE images of typical micro-minerals measured in this study. (A-C) Coffinite, (D)

coffinite with a rim of a few micrometers offrancoisite, (E) galena with U-rich inclusions, (F)

micro-uraninite. The circles and the numbers in the photos reveal analytical spots. Indi-

vidual scale bars in the photos are 50 p,m.



(A) galena (B) galena and anglesite

Fig. 7. BSE images of(A) galena, (B) galena (white) with a nm ofa few micrometers of anglesite

(gray) and (C) zircon crystals. The circles and numbers in the photos reveal analytical spots that

correspond to the isotopic data. Individual scale bars in the photos are 50岬1.
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Fig. 8. Photo (a) and Raman spectum (b) of anglesite (white grain) on the surface

of crack in the clay sample (BAX3.1 170).



Fig. 9. Depth-dependent variations of 14OCe/142Ce, 145Nd/146Nd, 149Sm/147Sm and 153Eu/151Eu

isotopic ratios ofU- and REE-bearing minerals in the BAX3 drill core. The vertical axis

indicates the depth from the surface in meters. The data points with solid squares

(micro-uranimte in BAX3.1040 and 1065), solid triangles (coffmite in BAX3. 1 170), and open

triangles (U-inclusion in BAX3. 1 170) are from this study. The data points with open squares

(uraninite in BAX3.1 180), open circle (florencite in BAX3.1 175), and solid diamonds (U- and

REE-bearing minerals in BAX3. 1225, 1240 and 1290) ar占from previous works (Hidaka and

Gauthier-Lafaye, 2000; Janeczek and Ewing, 1996b; Hidaka et al., 2005).
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Fig. 10. 2-4pb/206pb vs. 207pb/206pb diagram of galena grains from the clay (BAX3. 1 160)

above the Bangombe reactor. The data points with solid circles are from this study, and

those with open circles are from U- and REE-bearing minerals in sandstone samples

(BAX3.1215, 1225, 1240 and 1290) beneath the reactor by Hidaka et al. (2005).



芸
p*

＼、D

C)
EiF
＼
・Sfr

,.!⊃

[・蝣

(=)

5iE

4

238U/206pb*

Fig. ll. Tera-Wasserburg U-Pb Concordia diagram of six zircon grains丘om the clay

(BAX3. 1 160) above the Bangombe reactor. The data points with solid circles are

from SHRIMP analyses, and those with open circles are from the combination of

SHRIMP and EPMA analyses (see text).



Fig. 12. BSE image of typical zircons found in this study. (A), (B) and (C) Zircon grains in

BAX3.1170. (D) Zircon grains in BAX3.1130. The circles and the numbers in the photos

reveal analytical spots. Scale bar in each photo is 10 pm.



Fig. 13. BSE images of typical zircons having (a) low-U and (b) high-U contents in this

study. The small circles (about 3 urn in diameter) and numbers in the photos reveal the

analytical spots in EPMA analyses. U contents in each analytical spot determined from

EPMA are also shown. Large circles (about 10 (j.m in diameter) indicate locations of

SHRIMP analyses, numbers refer to data in Table 7. The corresponding 207pb/206pb

apparent ages (T) are shown in each analytical spot of SHRIMP analysis. Individual

scale bars in each grain are 10 pm



Fig. 14. Depth-dependent variations of 140ce/142Ce, 145Nd/146Nd, 149Srn/147Sm, and

153Eu/151Eu isotopic ratios of zircons in the BAX3 drill-core. The vertical axis shows depth

from surface in m. The dotted lines ( ) showthe standardvalues (NIST610 standard glass)

and the reactor values which are from Hidaka and Gauthier-Lafaye (2000).
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Fig. 15. Two-fcomponent mixing curves between non-fissiogenic (STD) and fissiogenic

(reactor) materials. Isotopic ratios of STD and reactor in each diagram correspond to those of

NIST610 standard glass and Bangombe reactor BAX3. 1 180 (Hidaka and Gauthier-Lafaye,

2000), respectively. ‥f'values show chemical differentiation factors of Ce, Sm and Eu relative

to Nd. The closed circles show the samples of black shale layer and the open circles show血ose

of clay layer.
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Fig. 16. Correlation plot between fractional difference (A206Pb/238U) in EPMA and

SHRIMP analyses and U content. The fractional difference was defined as A206Pb/238U-

{(206pb/238U)sHRIMp/(206pb/238U)EpMA - 1 } × 100 (%).
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Fig. 17. Tera-Wasserburg U-Pb concordia diagram for zircon grains above the Bangombe

natural reactor, (a) The diagram obtained by the conventional calibration technique in

SHRIMP analysis, (b) The diagram obtained by the analytical combination of SHRIMP and

EPMA analyses (see in the text). The data points with circles (clay layer) and squares (black

shale layer) are from this study, and those with diamonds (clay layer) are data in Table 4. The

open symbols are from SHRIMP analyses and solid symbols are from the combination of

SHRIMP and EPMA analyses.



Fig. 18. Backscattered electron (BSE) image of typical metallic aggregates having micro-inclusions

(a) and relatively homogeneous distribution (b) in this study. The scale bar is 10 um.
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Fig. 19. Plots ofPb content vs. S content (a), Pb content vs. U content (b), and Pb

content vs. As content (c) of the metallic aggregates analyzed in this study.
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Fig. 20. Plots of As content vs. Ru content (a), As content vs. Pd content (b), and Cu content

vs. Ru content (c) of the metallic aggregates analyzed in this study.
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Fig. 21. Isotopic ratios of 235U/238U for the metallic aggregates analyzed in this study. The

isotopic data are lined up in chronological order. The dotted line shows the terrestrial

235LJ/238u ratio obtained from standard zircon AS3 (0.00725土0.00004).



0.0001　　　0.0002　　　　0.0003

204pb/206pb

Fig. 22. 204Pb/206Pb vs. 207Pb/206Pb diagram of the metallic aggregates found in this

study (・). For purposes of comparison, the data ofuraninite (□) and galena (A) in

RZ 13 and metal Pb (O) in RZIO (Gauthier-Lafaye et al., 1996) are also shown.
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Fig. 23. 235u/238u vs. 207Pb/206pb diagram of the metallic aggregates found in this

study, "f" values in the figure show proportion of the non-fractionated U and Pb

component relative to the total丘action. The definition is described in the text.
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Fig. 24. Isotopic ratios of 90Zr/91Zr (a), 95Mo/97Mo (b) and 99ru/101Ru (c) for the metallic

aggregates analyzed in this study. The isotopic data in each figure are lined up in chronological

order and the corresponding analytical numbers in (a), (b) and (c) mean the same analytical spots

in SHRIMP analyses. The dotted lines in each figures show the isotopic ratios of fissiogenic Zr,

Mo, Ru (0.9456, 0.9768 and 1.136). Onthe otherhand, the solidlines showthose of

non-fissiogenic Zr, Mo and Ru determined from the standard material (4.659土0.004,

0.5986土0.0002 and 0.7550土0.0005). The shaded area indicates the expected isotopic ratios

that could result from a mixing between fissiogenic and non-fissiogenic Zr, Mo and Ru.
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Fig. 25. Formation processes of the metallic aggregates in SD37-S2/CD (RZ13).



Table 1. REE isotopic ratios of micro-minerals by SHRIMP analyses.

(A) Ce, Nd, Sm and Eu isptopic ratios

140Ce/142,Ce　143N〟146'Nd　145Nd/1+蝣6Nd　149Sm/147Sm　153Eu/151Eu

BAX3.1040

mi cro -uram nit e

BAX3.1040

mi cro -uraninite

BAX3.1170

coffmite- 1 - 1

coffinite- 1 -2

cofhnite-2

coffinite-3

coffimte -4

U-nch inclusion! - 1

U-nch inclusion1 -2

BAX3.1180

uramnite*

STD

MST610

6.64土0.33　　0.682土0.038　0.581士0.041　0.796土0.003　1.07士0.03

8.07土2.36　　0.513土0.056　0.509士0.034　0.688ア0.022　1.14土0.05

4.31土0.04

4.49土0.04

3.76土0.07

3.51士0.23

5.25士0.05

3.71土0.13

4.43土0.06

2.209

7.73土0.03

0.875士0.002

0.846土0.002

1.028土0.003

1.017士0.006

0.983土0.002

0.966土0.002

0.893土0.001

1.464

0.585士0.001

0.566土0.001

0.689土0.001

0.681土0.001

0.663土0.001

0.677士0.002

0.603土0.002

1.025

0.641土0.002

0.687士0.001

0.425士0.001

0.447土0.001

0.431土0.001

0.457土0.002

0.627土0.003

0.101

1.137士0.003

1.121土0.002

1.151土0.001

1.147士0.001

1.139士0.004

1.149土0.002

Not analyze

1.23

0.735土0.001　0.661土0.002　0.906土0.002　1.092士0.002

Analytical uncertainties are la of the mean.

The data are from Hidaka and Gauthier-Lafaye (2000).



Table 1. continued.

(B) Gd isotopic ra血os

155G〟160Gd156Gd/160Gd157Gd/160Gd158/-ij/160,-.jGo/Gd 155/-!J,156^jGd+Gd 157,^j,158/-.jGd+Gd

BAX3.1170

coffinite- 1 -1

coffimte- 1 -2

co ffinite - 2

coffinite- 3

co ffinite - 4

U-nch inclusion- 1 -2

STD

NIST610

0.695土0.05

0.678土0.07

0.710土0.02

0.683土0.03

0.709土0.08

0.732土0.01

0.993土0.007

1.008土0.007

0.961土0.003

1.030士0.003

1.065土0.003

1.053士0.011

0.700土0.003

0.706士0.006

0.726土0.002

0.688ア0.003

0.707士0.006

0.713土0.008

1.194士0.004

1.178士0.006

1.139士0.003

1.198土0.003

1.211土0.008

1.200土0.010

0.710土0.02　0.961土0.005　0.726土0.002　1.139土0.005

1.688士0.012

1.685土0.013

1.671土0.004

1.712土0.005

1.774土0.021

1.785土0.022

1.671士0.006

1.894土0.006

1.883ア0.011

1.864士0.005

1.886土0.005

1.917土0.014

1.913土0.018

1.701土0.007

Analytical uncertainties are l a of the mean.

The data of micro-uraninite from BAX3. 1040 and 1065, and U-rich inclusionト1 from BAX3. 1 170 were not obtained.

*The data are from Hidaka a鞘d Gau血ier-Lafaye (2000).



Table 2. Pb isotopic data ofgalena in BAX3.1170

204TPb rbPb (xi (r)　207Pb /^Pb　　　208'Pb rbPb

galena 1-1

galena 1-2

galenaト3

galenaト4

galena 1-5

galena 1-6

galena 2-1

galena 2-2

galena 3-1

galena 3-2

galena 3-3

galena 3-4

galena 4-1

galena 4-2

galena 4-3

galena 4-4

galena 4-5

galena 4-6

galena 5-1

galena 5-2

galena 5-3

galena 6-1

galena 6-2

galena 6-3

4.45士0.05

4.49土0.04

4.46土0.07

4.36土0.03

4.61土0.03

4.42土0.04

4.93士0.ll

4.91土0.10

4.01土0.10

4.20土0.06

4.18士0.06

4.09士0.13

4.06士0.12

3.71士0.08

4.21土0.04

4.08士0.10

3.93士0.07

3.98士0.08

4.32士0.10

4.26士0.15

4.22土0.07

4.14士0.06

4.23士0.05

3.95士0.16

0.1211士0.0008

0.1213士0.0009

0.1213土0.0010

0.1196士0.0006

0.1213士0.0006

0.1203土0.0007

0.1349土0.0015

0.1362土0.0010

0.1187土0.0005

0.1207士0.0016

0.1213土0.0009

0.1212土0.0008

0.1180土0.0034

0.1157土0.0008

0.1190土0.0006

0.1173士0.0006

0.1189土0.0005

0.1183土0.0006

0.1199土0.0024

0.1209土0.0025

0.1225士0.0004

0.1207士0.0005

0.1205士0.0004

0.1158土0.0010

0.0197土0.0002

0.0195土0.0002

0.0196土0.0002

0.0193士0.0001

0.0202土0.0001

0.0192土0.0001

0.0216士0.0002

0.0225士0.0002

0.0176土0.0002

0.0184土0.0002

0.0190土0.0002

0.0191士0.0003

0.0170士0.0005

0.0175士0.0002

0.0189土0.0001

0.0183土0.0002

0.0183土0.0002

0.0179土0.0002

0.0187土0.0003

0.0196土0.0005

0.0193士0.0001

0.0188士0.0001

0.0189土0.0001

0.0184土0.0003

Analytical uncertainties are l cブof the mean.



Table 3. REE isotopic data ofzircon in BAX3.1170.

(A) Ce, Nd, Sm and Eu

140Ce/142Ce　143Nd/146Nd　145Nd/146Nd　149,Sm/147Sm　153Eu/151Eu

zircon 1-1

zircon 1-2

zircon 1-3

zircon 1-4

zircon 1-5

zircon 2-2

zircon 3-2

zircon 3-4

zircon 4-1

zircon 5-1

zircon.6-2

zircon 7-1

zircon 7-2

STD

NIST61 0

ASS

6.68土0.19　　0.819士0.02

6.07士0.06　　0.796士0.02

5.79土0.01　　0.803土0.01

6.09士0.05　　0.811ア0.01

5.53士0.05　　0.815土0.01

4.92土0.01　　0.906士0.01

6.03土0.06　　0.793土0.01

5.97土0.05　　0.792士0.01

5.44土0.06　　0.836士0.01

4.27土0.09　　0.900土0.03

4.60土0.80　　0.911士0.03

5.05土0.06　　0.848士0.02

5.09± 0.07　　0.846士0.01

7.73土0.03　　0.735士0.01

7.55土0.06　　0.741ア0.01

0.557土0.001

0.537土0.001

0.543土0.001

0.551土0.001

0.549土0.001

0.614土0.001

0.534土0.001

0.533土0.001

0.564士0.001

0.604士0.002

0.611士0.002

0.568士0.001

0.570土0.001

0.490土0.001

0.484土0.001

0.765土0.003

0.811土0.003

0.790ア0.002

0.756土0.001

0.752土0.001

0.606土0.002

0.808ア0.001

0.801士0.001

0.699土0.002

0.606土0.003

0.573士0.002

0.693士0.002

0.673士0.002

0.906士0.002

0.929土0.001

1.100±0.006

1.112士0.002

1.117士0.003

1.122土0.001

1.123土0.002

1.112土0.011

1.116土0.002

1.103士0.004

1.125土0.002

1.173土0.003

1.136土0.001

1.126土0.002

Not analyzed

1.091土0.001

1.073土0.005

Analytical uncertainties are la of the mean.



Table 3. contnued.

(B) Gd

1 55G〟160Gd

zircon 1-1　0.717土0.009

zircon 1-2　　0.694ア0.003

zircon 1-3　　0.694土0.004

zircon 1-4　　0.676土0.002

zircon 1-5　　0.705士0.003

zircon 2-2　　0.719士0.010

zircon 3-2　　0.705士0.003

zircon 3-4　　0.691土0.005

zircon 4-1　0.696土0.003

zircon 5-1　0.597土0.007

zircon 6-2　　0.668土0.002

zircon 7-1　0.695ア0.004

STD

NIST610　　0.710士0.002

AS3　　　　　0.696土0.004

156/-!j/160/",jGd/Gd

0.994土0.015

0.985土0.003

0.985土0.003

0.980土0.002

0.982士0.004

0.897土0.028

0.991土0.004

0.979土0.005

1.002土0.004

0.949土0.008

0.976土0.003

0.974土0.004

1 57,G〟1 60Gd

0.738土0.009

0.703土0.003

0.708土0.002

0.698士0.001

0.713土0.003

0.708ア0.011

0.704± 0.003

0.692士0.005

0.711士0.003

0.662士0.004

0.689土0.001

0.711土0.004

1 58Gd/160Gd

1.196土0.014

1.175土0.002

1.176土0.003

1.178土0.002

1.168士0.004

1.208土0.017

1.182土0.004

1.171士0.006

1.191土0.004

1.174士0.004

1.181土0.002

1.156士0.005

r 3Gd+1 30Gdl/160Gd

1.711士0.024

1.678土0.005

1.679士0.006

1.656士0.003

1.687ア0.007

1.616土0.028

1.696土0.006

1.670土0.006

1.699土0.006

1.546土0.012

1.643土0.004

1.669士0.004

(13 'Gd+"gGdylW)Gd

1.934土0.023

1.877士0.005

1.885士0.005

1.875土0.003

1.881士0.005

1.916土0.024

1.886土0.005

1.863土0.010

1.902士0.007

1.837ア0.007

1.869土0.003

1.867ア0.004

0.961士0.005

0.960士0.005

0.726土0.002

0.735土0.005

1.139土0.005

1.167土0.006

1.671土0.006

1.656土0.009

1.864土0.007

1.902土0.010

Analytical uncertainties are l a of the mean.

Gd isotopic ratos ofzircon 7-2 were not analyzed.



Table 4. U and Pb isotopic data and U contents ofzircon in BAX3.1170.

204pb/206pb　207pb/206pb　　208pb/206pb　　235^1^　　　　U Content (ppm)　238U/206pb
(xl (T)　　　　　　　　　　　　　　　(x l 0-3)　　　　SHRIMP EPMA

zirconト　　　0.07土0.04

zircon 1-2　　4.23土0.12

zircon 1-3　　4.23土0.22

zircon 1-4　　4.37土0.14

zircon 1-5　　4.35土0.ll

zircon 2-1　　3.65ア0.49

zircon 2-2　　3.46土0.30

zircon 3-1　　4.51士0.52

zircon 3-2　　4.28ア0.33

zircon 3-3　　4.26ア0.21

zircon 3-4　　4.15土0.29

zircon 4-1　　4.25ア0.ll

zircon 4-2　　4.42土0.13

zircon 4-3　　3.84士0.47

zircon 4-4　　4.50土0.10

zircon 4-5　　4.33土0.09

0.1924土0.0013

0.1192土0.0040

0.1195土0.0066

0.1205土0.0032

0.1195土0.0015

0.1397士0.0006

0.1387土0.0028

0.1073土0.0160

0.1148土0.0035

0.1180士0.0048

0.1165土0.0052

0.1226土0.0034

0.1202土0.0006

0.1141士0.0047

0.1199土0.0019

0.1193土0.0020

0.1532土0.0021

0.0194土0.0007

0.0274土0.0015

0.0208士0.0006

0.0198ア0.0003

0.0331土0.0004

0.0308士0.0008

0.0176士0.0026

0.0336土0.0011

0.0260土0.0013

0.0185士0.0008

0.0196士0.0005

0.0190土0.0001

0.0182土0.0008

0.0191土0.0003

0.0190土0.0004

7.30土0.08　　　　297

7.37士0.18

7.33 ±0.14　　　1760

7.37土0.16

7.34土0.08

7.24土0.11　　　　393

Not analyzed　　271

Notanalyzed　>2500

7.34土0.06　　　>2500

Notanalyzed　>2500

7.32士0.06　　　　143

7.26士0.04　　　>2500

Notanalyzed　>2500

7.30土0.08　　　>2500

Notanalyzed　>2500

Notanalyzed　>2500

Not analyzed

874

Not analyzed

88.1

461

Not analyzed

Not analyzed

Not analyzed

Not analyzed

3.36xlO3

Not analyzed

Not analyzed

Not analyzed

Not analyzed

Not analyzed

7.69x103

1.627士0.043

0.259土0.014

0.516士0.043

1.020士0.111

0.736士0.043

1.025士0.339

1.018土0.053

1.070土0.089

0.233土0.024

0.410土0.010

Analytical uncertainties are l a of the mean.



Table 4. continued.

204pb/206pb207-pbrbpb208pb/206pb235tt/238-V/ziォxJuこontent(ppm)238U/206Pb

(x l (T)　　　　　　　　　　　　　　　　　(x KP)　　　　SHRIMP EPMA

zircon 5-1

zircon 5-2

zircon 5-3

zircon 6-1

zircon 6-2

zircon 6-3

zircon 7-1

zircon 7-2

4.51土0.15

4.04土0.67

4.35土0.35

4.27土0.17

4.60土0.20

4.86土0.20

4.24土0.20

4.16土0.16

0.1259土0.0033

0.1223士0.0015

0.1248ア0.0044

0.1223土0.0014

0.1213土0.0047

0.1220土0.0039

0.1270土0.0005

0.1237土0.0007

0.0206土0.0005

0.0202土0.0005

0.0182ア0.0006

0.0195土0.0003

0.0187土0.0009

0.0192土0.0007

0.0293土0.0003

0.0233土0.0002

7.30土0.12　　　>2500

7.27土0.08　　　>2500

Notanalyzed　>2500

Notanalyzed　>2500

7.26土0.08　　　>2500

Notanalyzed　>2500

7.31土0.08　　　>2500

7.38土0.04　　　>2500

2.49xlO5　　　2.903土0.269

7.42xlO3　　　6.024土0.379

Not analyzed

Not analyzed

Not analyzed

Not analyzed

2.69xlO4　　　0.229土0.142

Not analyzed

Analytical uncertainties are l a of the mean.



Table 5. Chemical com ositions of zircon rains found in the cla

No.　　　　SiO FeO Al 03　　　UO MnO HfO CaO ThO

BAX3. 1 170 (clay layer)
31.47　　　61.68

32. 13　　　62.85

31.98　　　61.45

31.97　　　63.45

31.93　　　64.59

30.32　　　61.69

22.52　　　49.75

30.59　　　62.41

29.39　　　59.97

23.44　　　51.51

31.35　　　63.81

30.54　　　61.68

25.10　　　54.55

28.10　　　58.96

25.01　　　55.80

30.43　　　62.13

31.98　　　65.40

30.66　　　61.60

32.44　　　61.81

18.83　　　45.51

32.24　　　65.98

25.19　　　55.65

31.48　　　63.48

32.13　　　64.58

23.03　　　51.34

30.94　　　62.72

19.63　　　49.31

23.43　　　51.22

0.17

0.09

0.09

0.12

0.ll

0.92

0.98

0.51

1.08

1.37

0.26

0.71

1.31

0.91

1.29

0.99

0.25

0.74

0.09

0.81

0.10

0.88

0.41

0.12

1.09

0.47

0.94

1.59

0.10　　　　0.06　　　< 0.01

0.01　　　< 0.01　　0.01

0.01　　　< 0.01　　0.00

0.01　　　<0.01　　<0.01

0.02　　　　0.07　　　< 0.01

0.03　　　　0.08　　　　0.08

2.45　　　　4.16　　　　0.08

0.38　　　　0.27　　　　0.05

0.67　　　　0.28　　　　0.09

3.39　　　　2.41　　　0.04

0.07　　　　0.04　　　　0.02

0.27　　　　0.23　　　　0.05

1.88　　　　4.44　　　　0.1 1

0.99　　　1.15　　　　0.09

1.79　　　　4.07　　　　0.ll

0.45　　　　0.14　　　　0.09

0. 17　　　　0.04　　　　0.02

0.49　　　　0.19　　　　0.06

0.03　　　　0.05　　　　0.01

2.40　　　　3.99　　　　0.08

0.01　　　0.01　　　< 0.01

1.48　　　　0.85　　　　0.03

0.02　　　　0.09　　　　0.02

0.02　　　　0.01　　　< 0.01

3.10　　　　2.83　　　　0.03

0.40　　　　0.18　　　　0.03

2.26　　　　9. 15　　　　0.02

2.87　　　1.37　　　　0.07

1.63　　　　0.05　　　< 0.01　　< 0.01

1.66　　　< 0.01　　< 0.01　　　0.05

1.61　　　0.01　　　<0.01　　<0.01

1.73　　　　0.01　　　0.02　　　< 0.01

1.66　　　　0.01　　　< 0.01　　0.03

1.26　　　　0.38　　　　0.02　　　　0.03

1.10　　　1.03　　　　0.32　　　　0.26

1.67　　　　0.31　　　<0.01　　<0.01

1.58　　　　0.54　　　< 0.01　　0.06

1.15　　　1.01　　　0.11　　　0.62

1.15　　　　0.05　　　< 0.01　　0.04

1.67　　　　0.37　　　　0.03　　　　0.05

1.48　　　　0.63　　　　0.23　　　　0.ll

1.43　　　　0.60　　　　0.09　　　　0.07

1.31　　　0.65　　　　0.26　　　　0.25

1.52　　　　0.59　　　　0.06　　　　0.09

1.36　　　　0.11　　　.07　　　　0.04

1.49　　　　0.40　　　< 0.01　　0.02

1.36　　　　0.01　　　0.00　　　　0.02

0.97　　　　0.91　　　0.22　　　　0.38

1.85　　　　0.01　　　0.00　　　　0.01

1.83　　　　0.55　　　　0.05　　　　0.20

1.81　　　0.05　　　　0.03　　　　0.04

1.54　　　　0.02　　　< 0.01　　　0.01

1.43　　　　0.83　　　　0.16　　　　0.17

1.39　　　　0.20　　　　0.05　　　< 0.01

1.37　　　　0.50　　　　0.40　　　　0.71

1.18　　　1.46　　　　0.15　　　　0.09

95.15

96.80

95.14

97.30

98.41

94.80

82.64

96.18

93.65

85.05

96.78

95.61

89.83

92.38

90.55

96.48

99.43

95.64

95.81

74.10

100.20

86.72

97.44

98.44

84.01

96.38

84.29

83.42



Table 5. cor止inued.

No.　　　SiO2 A120 3　　UO,　　MnO HfO,　　CaO ThO,　　Pb O

BAX3. 1 170 (clay layer)

29

HI

31

^2

サ

SE

35

36

37

38

39

SB

41

42

43

44

45

46

47

48

49

50

51

52

s^

54

55

56

57

32.32

22.80

23.05

25.88

30.15

32.65

30.00

31.92

32.31

32.13

32.32

31.75

30.03

32.44

28.07

32.28

31.79

26.69

25.21

23.18

27.67

17.28

32.21

28.95

24.82

22.75

32.33

23.03

23.00

64.39

50.16

52.42

53.89

61.61

66.46

61.04

64.05

65.72

65.39

65.63

65.81

62.45

66.06

58.20

62.30

65.14

57.95

54.92

50.71

56.15

35.92

60.97

56.96

49.02

48.99

62.71

47.21

49.03

0.10

1.67

1.42

1.37

0.79

0.05

0.98

0.05

0.01

0.03

0.04

0.34

0.88

0.08

1.04

0.12

0.21

1.41

0.95

1.10

0.75

0.87

0.05

0.71

0.63

1.59

0.06

1.15

1.18

0.03　　　　0.05　　　　0.01

3.36　　　1.83　　　　0.04

3.32　　　　3.29　　　　0.06

2.84　　　　2.16　　　　0.04

0.49　　　　0.29　　　　0.03

< 0.01　　　0.05　　　　0.00

0.48　　　　0.12　　　　0.10

0.00　　　< 0.01　　0.00

< 0.01　　0.07　　　　0.01

0.00　　　　0.02　　　< 0.01

< 0.01　　0.04　　　　0.01

0.01　　　0.07　　　　0.03

0.49　　　　0.48　　　　0.08

0.0 1　　　0.07　　　　0.00

0.85　　　　3.45　　　　0.08

0.01　　　0.01　　　< 0.01

0.11　　　0.10　　　　0.01

1.72　　　　2.64　　　　0.ll

2.66　　　　2.81　　　0.05

2.95　　　　2.95　　　　0.06

1.39　　　　0.85　　　　0.04

2.15　　　25.16　　　0.04

0.02　　　　0.02　　　< 0.01

1.15　　　1.11　　　0.06

1.41　　　6.33　　　　0.07

3.56　　　1.83　　　　0.03

0.03　　　　0.03　　　< 0.01

3.15　　　　3.77　　　　0.04

3.34　　　　3.23　　　　0.05

1.33　　　　0.01　　　0.02　　　　0.04

1.14　　　　0.83　　　　0.34　　　　0.70

1.20　　　　0.72　　　　0.29　　　　0.82

1.53　　　1.10　　　　0.20　　　　0.27

1.23　　　　0.32　　　　0.02　　　　0.03

1.22　　　　0.01　　　0.05　　　< 0.01

1.16　　　　.61　　　0.00　　　　0.04

1.27　　　　0.01　　　0.03　　　< 0.01

1.31　　　< 0.01　　0.02　　　　0.04

1.18　　　<0.01　　<0.01　　<0.01

1.19　　　　0.00　　　　0.02　　　< 0.01

1.22　　　　0.03　　　　0.02　　　　0.07

1.57　　　　0.46　　　　0.02　　　　0.09

1.42　　　　0.01　　　0.01　　　< 0.01

1.57　　　　0.56　　　　0.13　　　　0.09

0.99　　　　0.01　　　0.01　　　< 0.01

1.11　　　0.08　　　　0.00　　　　0.20

1.33　　　　0.82　　　　0.18　　　　0.29

1.27　　　　0.83　　　　0.19　　　　0.07

1.18　　　　0.95　　　　0.26　　　　0.20

1.42　　　　0.82　　　　0.13　　　　0.06

0.89　　　　0.66　　　　0.93　　　1.45

1.55　　　< 0.01　　0.02　　　　0.01

1.22　　　　0.54　　　　0.10　　　　0.08

1.25　　　　0.74　　　　0.34　　　　0.30

0.91　　　0.84　　　　0.52　　　　0.64

1.63　　　　0.00　　　< 0.01　　0.01

3.32　　　　0.90　　　　0.22　　　　0.09

3.06　　　　0.75　　　　0.52　　　　0.15

98.29

82.86

86.58

89.27

94.96

100.49

94.53

97.35

99.48

98.75

99.25

99.33

96.54

100.10

94.04

95.72

98.75

93.12

88.95

83.52

89.27

85.33

94.84

90.87

84.89

81.65

96.81

82.88

84.30



Table s, continued.

No.　　　　SiO, MnO HfO,　　CaO ThO2　　Pb O

BAX3. 1 170 (clay layer)

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

32.26

32.58

31.77

30.83

32.36

32.43

31.38

32.04

32.94

21.61

30.35

21.50

28.64

29.00

29.80

27.70

29.19

22.39

31.22

25.49

26.76

25.53

31.57

31.06

26.19

29.50

30.59

26.07

28.06

19.73

64.64

66.03

64.80

63.68

65.85

65.05

62.99

64.49

66.01

51.52

62.65

50.37

58.27

59.27

60.20

55.76

56.07

51.14

62.57

56.19

57.85

54.69

63.65

62.83

55.90

60.ll

62.44

55.45

58.84

46.35

0.05

0.03

0.21

0.62

0.04

0.06

0.61

0.17

0.12

0.87

0.50

1.20

1.48

1.62

1.15

1.47

1.67

1.63

0.81

1.18

1.19

0.90

0.53

0.81

1.39

0.95

0.83

1.53

0.62

0.82

0.01

0.01

0.02

0.08

0.01

0.01

0.09

0.04

0.05

3.17

0.42

3.03

1.78

1.48

0.97

3.12

1.92

3.26

0.01

2.31

2.09

2.00

0.00

0.01

1.98

0.70

0.24

2.12

1.30

2.83

0.04　　　< 0.01

0.03　　　　0.01

0.02　　　　0.01

0.14　　　　0.07

0.03　　　　0.01

0.03　　　　0.01

0.10　　　　0.04

0.11　　　0.03

0.05　　　　0.00

6.70　　　　0.06

0.62　　　　0.03

5.02　　　　.06

0.42　　　　.ll

0.21　　　0.ll

0.12　　　　0.10

1.46　　　　0.ll

0.23　　　　0.13

2.49　　　　0.04

0.06　　　　0.07

1.50　　　　0.07

1.12　　　　0.08

1.16　　　　0.07

0.02　　　　0.03

0.09　　　　0.09

1.76　　　　0.05

0.30　　　　0.08

0.12　　　　0.07

0.76　　　　0.07

1.59　　　　0.03

7.96　　　　0.04

1.42　　　<0.01　　<0.01　　<0.01

1.34　　　　0.01　　　<0.01　　< 0.01

1.23　　　　0.01　　　0.02　　　　0.05

1.23　　　　0.26　　　　0.01　　　0.09

1.39　　　< 0.01　　0.02　　　　0.05

1.33　　　　0.00　　　< 0.01　　0.03

0.92　　　　0. 14　　　0.05　　　0.02

1.30　　　0.02　　　< 0.01　　0.06

1.31　　　0.01　　　0.03　　　　0.08

1.49　　　　0.83　　　　0.63　　　1.67

1.22　　　　0.18　　　　0.03　　　　0.22

2.14　　　　0.90　　　　0.37　　　　0.85

1.91　　　0.94　　　　0.07　　　　0.13

1.70　　　　0.93　　　　0.01　　　0.08

1.59　　　　0.68　　　　0.04　　　　0.01

1.77　　　　0.95　　　　0.08　　　　0.30

2.47　　　1.02　　　< 0.01　　0.06

2.37　　　　0.84　　　　0.26　　　　0.77

1.63　　　　0.24　　　　0.01　　　0.06

1.32　　　1.01　　　0.14　　　　0.16

1.22　　　1.03　　　　0.12　　　　0.18

1.03　　　1.48　　　　0.15　　　　0.05

2.14　　　　0.01　　　0.01　　　0.07

1.65　　　　0.29　　　　0.04　　　　0.06

1.26　　　　0.88　　　　0.15　　　　0.ll

1.39　　　　0.56　　　　0.07　　　　0.12

1.29　　　　0.36　　　　0.00　　　　0.09

1.25　　　1.07　　　　0.22　　　　0.17

1.07　　　　0.43　　　　0. 17　　　　0.13

1.46　　　　0.66　　　　0.59　　　　0.16

98.42

100.04

98.14

97.02

99.75

98.93

96.34

98.26

100.60

88.55

96.23

85.42

93.76

94.40

94.65

92.72

92.76

85.18

96.69

89.36

91.64

87.05

98.02

96.93

89.66

93.78

96.02

88.71

92.24

80.59



Table 5. co血ea
No.　　　　S iO,　　ZrO, A12O3　　UO,　　MnO HfO2　　CaO ThO,　PbO

BAX3. 1 130 (black shale layer)
23.96　　　52.91

32.06　　　64.19

27.77　　　55.15

21.35　　　50.63

30.06　　　60.03

24.38　　　51.92

27.81　　　56.32

31.68　　　63.39

26.28　　　54.27

32.51　　　64.57

32.00　　　64.37

32.30　　　64.05

32.48　　　63.92

32.21　　　65.26

23.87　　　52.27

22.65　　　51.40

30.93　　　62.02

29.82　　　59.78

32.57　　　65.24

24.74　　　51.54

26.16　　　53.17

27.86　　　57.49

32.35　　　64.17

29.53　　　58.36

26.07　　　56. 14

5.60　　　1.19

21.42　　　48.30

22.14　　　51.23

30.77　　　63.27

1.29　　　　2.92　　　　3.11　　　0.05

0.58　　　0.24　　　0.12　　　　0.01

1.44　　　1.86　　　　0.41　　　0.10

1.85　　　　2.61　　　1.25　　　　0.04

1.28　　　　0.19　　　　0.13　　　　0.09

1.10　　　1.96　　　　0.73　　　　0.07

1.32　　　1.23　　　　0.48　　　　0.07

0.68　　　　0.32　　　　0. 15　　　　0.01

1.27　　　1.83　　　1. 11　　　0.02

0.10　　　< 0.01　　0.08　　　0.01

0.28　　　　0.01　　　0. 10　　　　0.01

0.18　　　　0.01　　　< 0.01　　<0.01

0.24　　　.03　　　　0.01　　　< 0.01

0.46　　　　0.01　　　0.03　　　　0.00

1.72　　　　2.28　　　　0.81　　　0.07

2.07　　　　2.68　　　1.51　　　0.03

0.77　　　　0.20　　　　0.09　　　　0.03

1.08　　　　0.70　　　　0.12　　　　0.05

0.44　　　　0.03　　　< 0.01　　< 0.01

1.19　　　　2.54　　　　0.93　　　　0.09

0.93　　　　2.05　　　1.05　　　　0.07

1. 10　　　1.56　　　　0.63　　　　0.07

0.20　　　　0.01　　　< 0.01　　< 0.01

1.04　　　　0.91　　　0.24　　　　0.09

1.07　　　1.74　　　　0.77　　　　0.09

74.52　　　1.93　　　　0.18　　　　0.01

1.78　　　　3.07　　　1.69　　　　0.04

1.95　　　　2.35　　　1.62　　　　0.05

1.15　　　　0.09　　　　0.12　　　　0.06

1.18　　　0.81　　　0.29　　　　0.22

1.19　　　0.17　　　　0.05　　　　0.01

1.36　　　1.14　　　　0.09　　　　0.13

1.85　　　　0.95　　　　0.68　　　　0.21

1.76　　　　0.57　　　< 0.01　　0.03

1.54　　　1.09　　　　0.21　　　0.21

1.24　　　　0.88　　　　0.25　　　　0.04

1.75　　　　0.19　　　　0.04　　　　0.05

1.51　　　0.52　　　0.43　　　　0.15

1.44　　　　0.00　　　　0.07　　　　0.08

1.22　　　　0.02　　　　0.02　　　　0.05

1.36　　　　0.01　　　0.03　　　　0.02

1.23　　　< 0.01　　0.04　　　< 0.01

1.04　　　0.01　　　< 0.01　　0.04

1.17　　　1.14　　　0.30　　　0.49

1.06　　　0.89　　　0.70　　　0.62

0.98　　　0.26　　　0.03　　　　0.03

0.90　　　　0.40　　　　0.18　　　　0.04

1.31　　　0.01　　　0.01　　　0.05

1.45　　　1.16　　　　0.47　　　1.91

1.50　　　　0.85　　　　0.48　　　1.50

1.40　　　　0.98　　　　0.23　　　　0.14

1.33　　　<0.01　　<0.01　　<0.01

1.48　　　　0.71　　　0.04　　　　0.07

1.41　　　1.35　　　　0.06　　　　0.19

0.02　　　　0.16　　　　0.00　　　　0.56

1.57　　　1.35　　　　0.80　　　　0.21

1.85　　　1.64　　　　0.79　　　　0.23

1.25　　　　0.36　　　< 0.01　　0.01

86.74

98.63

89.45

81.42

94.14

83.22

89.63

98.26

87.39

98.85

98.08

97.94

97.94

99.07

84.13

83.60

95.33

93.06

99.66

86.02

87.76

91.44

98.05

92.46

88.88

84.18

80.23

83.84

97.08



Table 5. co血e&
No.　　　SiO2　　　ZrO2 A120 3　　UO2　　MnO HfO2　　CaO ThO2　　Pb O

BAX3. 1 130 (black shale layer)

1 17　　　　23.25　　　49.47

1 18　　　　25.30　　　54.68

119　　　　27.19　　　57.30

120　　　　32.47　　　65.06

121　　　　32.27　　　65.25

122　　　　24.85　　　55.84

123　　　　32.40　　　65.02

124　　　　31.77　　　65.37

125　　　　32.17　　　64.81

126　　　　32.55　　　64.22

127　　　　32.17　　　65.85

128　　　　22.72　　　50.89

129　　　　26.11　　　53.42

130　　　　26.57　　　55.59

1.54

1.22

1.19

0.40

0.55

1.52

0.17

0.25

0.32

0.45

0.48

1.89

1.80

1.36

2.28　　　1.24　　　　0.06

2.15　　　　0.91　　　0.08

1.46　　　　0.38　　　　0.09

0.02　　　< 0.01　　　0.01

0.00　　　　0.09　　　　0.00

2.07　　　　0.97　　　　0.06

0.03　　　　0.05　　　< 0.01

0.11　　　0.10　　　　0.01

0.0 1　　　0.02　　　　0.00

0.03　　　　0.02　　　　0.01

0.02　　　　0.04　　　　0.01

2.82　　　1.30　　　　0.04

2.24　　　　0.79　　　　0.07

1.81　　　0.88　　　　0.06

1.97　　　　0.90

1.28　　　1.21

1.34　　　　0.93

1.42　　　　0.01

1.59　　　< 0.01

1.76　　　　0.82

1.34　　　　0.00

1.32　　　　0.05

1.16　　　　0.01

1.35　　　　0.01

1.06　　　　0.06

1.45　　　　0.91

1.45　　　　0.91

1.45　　　　0.71

0.56　　　1.17

0.41　　　0.12

0.10　　　　0.15

0.00　　　< 0.01

0.05　　　　0.06

0.69　　　　0.17

0.01　　　0.03

0.00　　　　0.05

0.05　　　　0.01

0.00　　　< 0.01

0.02　　　　0.01

0.74　　　　0.21

0.40　　　　0.27

0.36　　　　0.24

82.42

87.35

90.12

99.39

99.86

88.75

99.05

99.04

98.55

98.63

99.72

82.96

87.46

89.02

All data in weight percent.



Table 6. Ce, Nd, Sm and Eu isotopic compositions in zircon grains found in black shales and clav lavers.

14OCe/142Ce　　　1 43Nd/146Nd　　　1 4:5Nd/146Nd　　　1 49 Srn/1 47Sm　　　1 53Eu/1 51Eu

BAX3.1130

zircon 1-1

zircon 2-2

zircon 5-2

zircon 6-2

zircon 7-2

zircon 8-2

zircon 9-1

zircon 1 1-2

zircon 12-1

zircon 13-1

zircon 14-1

zircon 15-1

zircon 15-2

zircon 16-1

zircon 17-1

zircon 18-1

zircon 19-1

BAX3. 1170

zircon 1-1

zircon 1-2

zircon 1-3

zirconト4

zircon 1-5

zircon 2-1

zircon 2-2

zircon 3-1

zircon 3-2

6.53　土0.89

Not analyzed

5.06　土0.74

5.06　土1.14

Not analyzed

6.55　土1.05

6.31士0.49

4.34　土0.28

5.68　土1.06

3.66　土0.12

5.48　土0.30

3.43　士0.25

Not analyzed

Not analyzed

5.42　士0.28

Not叫zcd
7.03　土0.56

3.90　士0.33

4.61士0.08

4.09　土0.49

3.77　土0.14

3.68　土0.17

3.83　ア0.34

3.19　土0.49

4.01土0.22

7.41土0.22

0.818　土0.021

0.469　土0.034

0.832　土0.010

0.715　土0.010

0.763　土0.012

0.746　土0.004

0.774　士0.004

0.767　土0.005

0.768　土0.004

0.795　土0.003

0.793　土0.004

0.828　ア0.007

0.861士0.027

0.759　土0.010

0.811土0.009

0.781ア0.009

0.692　士0.019

0.954　土0.011

0.935　士0.011

0.887　土0.005

0.935　ア0.005

0.918　土0.004

0.634　土0.010

0.962　土0.021

0.844　土0.010

0.813　土0.014

0.535　土0.006

0.524　土0.046

0.526　土0.007

0.587　土0.007

0.530　土0.005

0.499　土0.003

0.507　土0.003

0.514　土0.006

0.509　土0.003

0.517　土0.003

0.526　土0.003

0.531土0.003

0.539　土0.008

0.525　土0.006

0.517　土0.003

0.483　土0.009

0.492　土0.012

0.625　土0.005

0.649　ア0.005

0.600　土0.005

0.635　土0.003

0.624　土0.003

0.591土0.003

0.610　士0.005

0.543　士0.003

0.549　土0.005

0.800　土0.015

1.653　士0.110

0.794　土0.011

0.818　土0.024

0.826　土0.006

0.852　土0.009

0.812　土0.006

0.849　土0.003

0.848　士0.006

0.848　土0.004

0.836　士0.013

0.797　土0.017

0.788　土0.024

0.801土0.013

0.815　士0.008

0.869　ア0.011

0.864　土0.022

0.552　土0.006

0.544　土0.003

0.561士0.003

0.562　士0.007

0.583　土0.004

0.634　土0.008

0.562　ア0.009

0.819　士0.010

0.609　土0.012

Not analyzed

1.082　土0.002

1.098　土0.004

1.097　土0.002

1.099　士0.001

1.089　土0.003

1.098　土0.003

1.090　士0.002

1.100　土0.002

1.102　土0.002

1.079　士0.005

1.105　土0.004

1.108　土0.002

1.078　土0.005

1.085　土0.002

1.133　土0.003

1.077　土0.005

1.121土0.002

1.134　土0.002

1.114　土0.005

1.117　土0.004

1.111土0.008

1.117　土0.003

1.109　土0.002

1.095　土0.003

1.114　士0.004



Table 6. con血mied.

14OCe/1 42Ce　　　143Nd/146Nd　　　1 45Nd/1 46Nd I 49sin/147Sm　　　1 53Eu/1 51Eu

BAX3.1170

zircon 3-3

zircon 3-4

zircon 3-5

zircon 4-1

zircon 4-2

zircon 4-3

zircon 4-4

zircon 4-5

.zircon 4-6

zircon 5-1

zircon.5-2

zircon 6-1

zircon 6-2

ziTcon 7-1

zircon 7-2

zircon 7-3

zircon 7-4

zircon 8-1

zircon 8-2

zil℃on 8-3

zircon 8-4

zircon 8-5

zircon 8-6

zircon 8-7

zircon 9-1

zircon 9-2

zircon 9-3

4.10　土0.28

3.34　土0.14

8.04　土2.04

6.24　土0.38

4.10　士0.12

3.54　土0.32

2.86　土0.10

4.54　土0.28

5.46　土0.72

3.57　土0.09

3.38　土0.30

3.04　土0.09

3.09　土0.20

4.04　士0.38

5.99　土0.43

4.86　土0.32

3.28　土0.23

4.14　土0.56

4.62　土0.17

3.37　土0.13

4.23　土0.02

3.51土0.ll

4.02　土0.24

3.78　土0.30

4.82　士0.13

4.27　土0.13

3.01土0.ll

0.916　土0.014

0.914　土0.007

0.840　土0.020

0.845　土0.008

0.890　土0.004

0.892　士0.013

0.912　士0.015

0.904　土0.007

0.842　土0.198

0.901土0.009

0.858　士0.013

0.598　士0.010

0.899　士0.010

0.861土0.011

0.820　土0.006

0.826　土0.005

0.856　土0.018

0.870　土0.018

0.850　土0.007

0.925　土0.008

0.868　土0.003

0.921土0.006

0.904　土0.008

0.903　土0.007

0.875　士0.004

0.849　土0.009

1.004　土0.009

0.595　士0.003

0.600　ア0.003

0.547　土0.010

0.544　土0.004

0.597　土0.004

0.658　土0.012

0.674　土0.005

0.602　土0.003

0.600　土0.003

0.608　土0.006

0.583　士0.004

0.613　士0.007

0.616　士0.001

0.570　士0.005

0.557　士0.002

0.559　土0.001

0.601士0.005

0.589　土0.004

0.585　土0.003

0.622　土0.005

0.577　土0.002

0.614　土0.003

0.604　士0.003

0.601士0.002

0.587　士0.002

0.565　士0.003

0.590　士0.003

0.631土0.007

0.646　ア0.006

0.603　土0.015

0.683　ア0.008

0.590　士0.003

0.583　ア0.008

0.626　土0.004

0.586　土0.009

0.566　土0.008

0.608　土0.008

0.656　±0.008

0.598　土0.003

0.660　土0.008

0.724　土0.015

0.730　土0.006

0.749　士0.004

0.670　士0.010

0.665　土0.003

0.683　士0.007

0.599　土0.005

0.683　土0.003

0.609　土0.004

0.627　土0.005

0.597　土0.010

0.625　士0.003

0.732　士0.004

0.630　士0.008

1.118　土0.002

1.119　土0.006

1.100　土0.009

1.112　土0.003

1.120　土0.002

1.116　土0.002

1.130　土0.001

1.133　土0.002

1.100　土0.004

1.119　土0.004

1.108　土0.002

1.139　土0.003

1.128　土0.003

1.121土0.001

1.113　士0.002

1.110　土0.002

1.114　土0.002

1.113　土0.001

1.110　土0.001

1.119　土0.001

1.119　土0.002

1.110　土0.001

1.107　土0.005

1.106　士0.003

1.101土0.006

1.113　土0.001

1.131土0.004



Table 6. continued.

140,Ce/142Ce14:13Nd!146'Nd H5Nd/1 46Nd　　　14SW47Sm　　　1 53Eu/1 5 1 Eu
BAX3.1170

zircon 9-4

zircon 9-5

zircon 9-6

zircon 9-7

zircon 10-1

zircon 10-2

zircon 10-3

zircon lト1

zircon 12-1

zircon 13-1

zircon 13-2

zircon 13-3

zircon 13-4

zircon 14-1

ziICon 16-1

zircon 17-1

zircon 18-1

zircon 19-1

zircon 20-1

zircon 21-1

zircon 2 1-2

zircon 2 1-3

zircon 2 1-4

zircon 2 1-5

zircon 2 1-6

zircon 22- 1

zircon 23-1

zircon 23-2

4.15　土0.30

5.12　土0.84

4.00　土0.36

5.94　土0.40

5.46　土0.17

5.84　士0.35

7.28　土0.14

3.45　土0.15

4.48　士0.52

4.41士0.39

4.35　土0.21

3.97　士0.08

4.69　土0.21

6.80　士1.08

6.79　士0.28

4.22　土0.19

6.97　士0.24

7.73　士1.47

4.12　土0.30

4.70　土0.18

3.55　士0.43

5.29　ア0.17

3.64　土0.20

6.79　士0.78

3.84　ア0.16

6.69　土0.48

4.23　土0.12

3.54　士0.10

0.882　土0.004

0.899　土0.009

0.891土0.010

0.831ア0.006

0.846　土0.009

0.885　土0.015

0.776　土0.006

0.903　土0.005

0.872　士0.010

0.863　士0.015

0.880　士0.004

0.882　士0.004

0.892　士0.005

0.731土0.036

0.798　士0.031

0.908　ア0.008

0.759　士0.021

0.756　士0.036

0.838　土0.007

0.853　土0.004

0.956　土0.029

0.886　土0.010

0.903　土0.009

0.837　土0.009

0.929　士0.005

0.846　ア0.007

0.873　土0.005

0.896　土0.008

0.600　士0.002

0.601土0.010

0.601土0.002

0.562　士0.002

0.558　士0.003

0.582　士0.003

0.517　土0.003

0.612　士0.003

0.607　士0.004

0.564　土0.005

0.586　土0.004

0.585　士0.002

0.600　士0.001

0.506　士0.013

0.666　ア0.018

0.586　土0.002

0.509　士0.017

0.567　士0.021

0.568　土0.002

0.574　土0.002

0.586　土0.008

0.612　土0.005

0.597　土0.004

0.594　土0.006

0.516　士0.013

0.554　士0.004

0.578　土0.003

0.585　土0.003

0.646　土0.004

0.626　土0.014

0.622　土0.006

0.528　土0.020

0.705　土0.006

0.659　土0.007

0.696　土0.005

0.598　ア0.006

0.589　土0.005

0.742　土0.003

0.639　土0.001

0.657　土0.005

0.635　土0.006

0.646　土0.023

0.577　土0.009

0.564　土0.003

0.618　土0.013

0.593　土0.014

0.731土0.001

0.685　士0.004

0.604　土0.005

0.591ア0.006

0.670　土0.008

0.656　土0.007

0.610　土0.003

0.667　土0.004

0.673　土0.007

0.655　土0.005

1.127　士0.003

1.121土0.003

1.120　士0.002

1.105　土0.003

Not analyzed

1.118　土0.001

Not analyzed

1.117　士0.006

1.107　土0.002

1.111土0.001

1.120　土0.002

1.098　土0.002

1.103　土0.002

Not analyzed

1.112　土0.003

1.113　士0.001

1.123　土0.002

Not analyzed

1.100　土0.003

1.093　土0.003

1.103　士0.001

1.111士0.001

1.129　士0.003

1.117　土0.002

1.131土0.002

1.106　土0.001

1.107　土0.001

1.115　土0.001



Table 6. condnued.

1 4OCe/1 42ce　　　1413Nd/1 46Nd　　　145Nd/146Nd　　　1 49Sm/1 47Sm　　　1 53Eu/1 5 1 Eu

BAX3.1 170

zircon 24-1

zircon 25-1

zircon 26-1

zil℃on 26-2

zi∫con 26-3

zircon 26-4

zircon 26-5

zircon 26-6

zi王℃on 26-7

zircon 27-1

zircon 27-2

zircon 27-3

zircon 27-4

zircon 27-5

zifcon 27-6

zircon 27-7

zircon 27-8

zircon 27-9

zircon 27-10

zircon 28-1

zircon 29-1

BAX3.1 180

uranir止te *

STD

NIST6 10

AS3

4.21土0.15

4.39　土0.17

0.90　士0.62

4i　土0.20

5.44　土0.12

5.13　土0.15

3.01土0.13

3.98　土0.05

5.13　土0.79

4.97　土0.23

6.86　土0.36

4.99　土0.12

5.41土0.14

4.94　土0.20

5.07　士0.15

4.90　土0.19

4.32　土0.09

6.30　土0.66

4:99　土0.12

5.38　土0.39

3.62　土0.69

0.911土0.005

0.863　士0.005

0.903　土0.009

0.858　土0.004

0.815　土0.003

0.815　土0.004

0.894　土0.011

0.873　土0.005

0.869　土0.017

0.802　土0.004

0.823　士0.005

0.828　土0.007

0.836　土0.003

0.822　土0.002

0.833　土0.003

0.804　土0.005

0二880　土0.007

0.809　士0.009

0.813　土0.004

0.826　土0.004

0.815　土0.015

0.612　土0.003

0.594　士0.001

0.589　土0.005

0.593　士0.005

0.539　土0.002

0.544　土0.001

0.590　土0.005

0.578　土0.002

0.580　土0.009

0.552　土0.002

0.520　土0.013

0.550　土0.002

0.543　土0.002

0.545　土0.002

0.558　土0.001

0.551士0.002

0.579　土0.002

0.545　土0.002

0.532　土0.002

0.564　士0.002

0.570　土0.003

0.587　士0.004

0.624　土0.009

0.655　土0.008

0.638　土0.003

0.748　土0.003

0.773　土0.002

0.724　土0.006

0.686　土0.006

0.693　ア0.005

0.736　土0.004

0.801ア0.005

0.735　士0.006

0.743　土0.004

0.765　土0.003

0.752　土0.008

0.750　士0.002

0.679　士0.009

0.786　土0.008

0.737　土0.006

0.743　士0.003

0.713　土0.003

2.209 1.464 1.025

7.23　土0.11　　　　　0.761ア0.005　　　　0.489

6.86　土0.14　　　　　0.779　土0.004　　　　0.508

0.101

0.898　土0.006

0.938　士0.003

1.117　土0.005

Not analyzed

1.119　土0.001

1.117　土0.003

1.108　土0.001

1.103　土0.001

1.102　土0.001

1.111土0.001

1.099　士0.002

1.111士0.007

1.108　土0.002

1.105　士0.001

1.114　土0.003

1.110　土0.001

1.103　土0.003

1.102　土0.002

1.107　士0.001

1.100　土0.003

1.112　土0.001

1.101土0.002

1.119　士0.002

1.23

1.084　土0.001

1.066　土0.004

Analytical uncertai血es are Ict of the mean.

*The data are丘om Hidaka and Gauthier-Lafaye (2000).



Table 7. U and Pb isoto ic data and U content ofzircon in the cla and blaclC shale la ers above the reactor

(A)乃e analytical data -with Uconcentrations ofless肋an 4000ppm

204pb/206pb (xlO 4)　　207pb/206pb　　　　208Pb/206pb　　　23BU/238U (xlO s) U content (ppm)　238u/206pb

SHRIMP SHRDはP

Clay l

zircon 1-1

zircon 9- 1

zircon 9-2

zircon 9-3

zircon 9-4

zircon 9-o

zircon ll-1

Clay 2

zircon 1-1

zircon 6- 1

zircon 6-2

zircon 6-3

zircon 10-1

Black shale 1

zircon 1-1

zircon 3-1

zircon 5-1

Black shale 2

zircon 2-1

zircon 3-1

zircon 5- 1

zircon 6- 1

zircon 6-2

zircon 7-1

zircon 8-1

zircon 9-1

zircon 10-1

zircon ll-1

4.27　士　0.59

4.42　士　0.84

4.47　士　0.20

3.89　土1.09

4.38　土　0.32

4.06　土　0.29

4.10　土　0.21

3.93　土　0.29

4.33　土　0.34

4.22　土　0.69

4.47　土　0.10

4.00　土　0.19

3.83　土　0.62

3.62　士　0.38

6.21　土　0.57

5.73　土　0.98

5.01　土1.01

5.23　土　0.38

5.58　土　0.25

6.35　土　0.24

6.73　土　0.37

6.01　土　0.27

4.37　土　0.61

4.55　土1.12

5.25　土　0.51

0.1009　土　0.0087

0.1427　土　0.0172

0.1282　土　0.0022

0.1662　士　0.0151

0.1250　士　0.0023

0.1269　土　0.0062

0.1240　土　0.0030

0.1122　土　0.0026

0.1311　土　0.0043

0.1286　士　0.0071

0.1189　士　0.0024

0.1210　士　0.0048

0.1194　土　0.0045

0.1329　土　0.0099

0.0235　土　0.0016

0.0425　土　0.0043

0.0253　土　0.0006

0.0651　士　0.0061

0.0250　士　0.0007

0.0224　士　0.0012

0.0240　士　0.0008

0.0329　土　0.0018

0.0323　土　0.0016

0.0393　士　0.0044

0.0179　土　0.0006

0.0238　土　0.0011

7.06　土　0.04

7.24　土　0.04

7.40　土　0.08

7.22　土　0.13

7.00　士　0.ll

7.75　士　0.32

6.91　士　0.20

7.13　士　0.08

7.30　土　0.05

7.23　土　0.06

7.38　土　0.ll

6.76　土　0.07

0.0348　土　0.0008　　　7.19　土　0.06

0.0341ア0.0030　　Not analyzed

0.1355　士　0.0052　　　0.0768　土　0.0027　　　7.45　土　0.25

0.1185　土　0.0142

0.1023　土　0.0036

0.1140　土　0.0059

0.1322　士　0.0006

0.1274　土　0.0036

0.1344　土　0.0015

0.1370　土　0.0019

0.1234　土　0.0040

0.1362　土　0.0076

0.1443　士　0.0056

0.0386　士　0.0054　　　7.37

0.0284　土　0.0014　　　7.51

0.0279　士　0.0015　　　6.75

0.0338　土　0.0004　　　7.42

0.0299　土　0.0012　　　7.22

0.0327　土　0.0009　　　7.00

0.0300　土　0.0005　　　7.56

0.0470　土　0.0013　　　7.86

0.0521　ア　0.0048　　　7.02

0.0510　土　0.0020　　　7.49

土　0.05

土　0.07

土　0.38

土　0.18

土　0.07

土　0.14

士　0.17

士　0.12

土　0.09

士　0.07

1303

zoo

2111

155

2146

3170

3991

3958

2909

1721

3510

2906

1515

835

1286

1668

2132

3686

3165

2307

939

1868

3439

668

895

2.069　土　0.404

1.891　土　0.391

2.130　土　0.266

1.137　土　0.131

3.019　土　0.222

1.744　土　0.160

2.209　士　0.306

10.681　土　0.823

5.525　土　0.275

2.221　土　0.554

0.048　土　0.004

2.009　土　0.115

1.520　土　0.082

1.910　土　0.358

1.557　士　0.093

2.508　土　0.683

1.208　土　0.142

0.876　士　0.042

3.781　土　0.308

0.225　土　0.027

0.524　土　0.089

0.422　土　0.038

3.634　土　0.216

2.554　土　0.484

1.640　土　0.106



Table 7. continued.

(B) The analytical data with Uconcentrations ofmore than 4000ppm

17pb/206pb　　　　208Pb/206Pb　　235U/238U (xlO'3) U content (ppm)　　238u/206pb

EPMA EPMA

Clay 1

zircon 2-1

zircon 3-1

zircon 4-1

zircon 4-2

zircon 5-1

zircon 6-1

zircon 7-1

zircon 8-l

zircon 8-2

zircon 8-3

zircon 10-1

zircon 10-2

zircon 13-1

zircon 13-2

Clay 2

zircon 2-1

zircon 3-1

zircon 4-1

zircon 5-l

zircon 7-l

zircon 8-1

zircon 9-1

zircon 9-2

zircon 9-3

zircon 10-2

zircon lO3

zircon ll-1

Black shale 1

zircon 2- l

zircon 4-1

Black shale 2

zircon 1-1

zircon 4-1

zircon 4・2

zircon 8-2

zircon 12-1

4.87　土0.26　　　0.1127　土0.0114

3.74　土0.20　　　0.1162　土0.0026

4.06　土0.29 .　0.1178　土0.0073

4.15　土0.20　　　0.1181士0.0069

4.20　土0.24　　　0.1206　士0.0068

4.28　土0.20　　　0.1226　土0.0047

4.74　土0.44　　　0.1187　士0.0116

4.24　土0.28　　　0.1170　土0.0017

3.86　土0.25　　　0.1208　士0.0033

4.50　土0.25　　　0.1195　土0.0045

3.67　土0.33　　　0.1165　土0.0108

4.08　土0.18　　　0.1176　土0.0026

2.55　土0.28　　　0.1131　土0.0087

4.31　土0.24　　　0.1208　士0.0086

2.60　土0.36　　　0.0757　士0.0066

4.71　土0.37　　　0.1201土0.0061

4.65　ア0.43　　　0.1166　土0.0121

3.58　土0.12　　　0.1013　土0.0032

4.14　土0.26　　　0.1169　士0.0061

4.11　土0.20　　　0.1207　士0.0068

3.77　士0.52　　　0.1232　土0.0048

4.14　士0.27　　　0.1193　土0.0090

4.54　土0.17　　　0.1235　土0.0047

4.01　土0.26　　　0.1186　土0.0084

4.14　土0.23　　　0.1203　土0.0071

4.24　土0.59　　　0.1213　土0.0076

6.38　土0.34　　　0.1304　士0.0037

5.80　土0.20　　　0.1345　士0.0024

5.66　土0.37　　　0.1203　土0.0143

5.80　土0.50　　　0.1284　土0.0033

6.21　土0.18　　　0.1326　土0.0029

5.93　士0.26　　　0.1318　土0.0029

4.96　土0.27　　　0.1229　土0.0023

0.0226　土0.0012

0.0188　土0.0004

0.0256　士0.0015

0.0220　土0.0012

0.0185　土0.0012

0.0191　土0.0010

0.0200　土0.0021

0.0185　士0.0005

0.0185　土0.0013

0.0182　土0.0008

0.0224　土0.0018

0.0192　土0.0005

0.0196　土0.0015

0.0200　土0.0009

0.0141士0.0010

0.0196　土0.0011

0.0174　土0.0017

0.0168　士0.0005

0.0182　士0.0009

0.0188　土0.0009

0.0196　土0.0009

0.0195　土0.0014

0.0198　土0.0007

0.0223　土0.0016

0.0198　土0.0011

0.0203　土0.0015

0.0265　士0.0009

0.0269　ア0.0006

0.0226　士0.0023

0.0285　土0.0009

0.0272　土0.0005

0.0278　土0.0005

0.0273　土0.0006

7.35　土0.03

7.40　土0.02

7.65　土0.03

7.68　土0.02

7.43　士0.02

7.13　土0.02

7.31土0.04

7.47　土0.03

7.31土0.03

7.48　土0.03

7.82　土0.03

7.00　土0.02

6.89　土0.03

7.30　土0.02

36600

21200

10100

35900

35200

7510

24900

12000

16100

29000

4190

30400

24800

27400

7.44　土0.04　　　　　　9780

7.41土0.04　　　　　55800

7.20　土0.04　　　　　16100

7.46　土0.01　　　　　28400

6.95　土0.03　　　　　　59000

7.94　土0.02　　　　　　5440

7.72　土0.05　　　　　　44200

7.10　土0.03　　　　　12800

7.11土0.02　　　　　　22000

7.25　土0.03　　　　　15500

7.38　士0.02　　　　　　6710

6.94　土0.06　　　　　14000

7.72　土0.03　　　　　11000

7.66　土0.02　　　　　　7160

7.41土0.04　　　　　　9280

7.34　士0.05　　　　　14900

7.54　土0.02　　　　　14300

7.96　土0.03　　　　　　8560

7.54　土0.03　　　　　11400

14.7　ア2.5

3.58　士0.36

15.1土0.8

15.5　土1.4

9.87　土4.21

3.94　ア0.99

15.2　土0.4

14.7　土0.4

2.44　土0.19

3.74　土1.84

5.20　土2.02

34.0　士2.1

38.8　土2.8

13.1土2,3

12.2　土5.1

19.6　土3.2

2.66　土0.30

19.4　土4.9

3.71土0.30

2.58　土0.50

5.52　士0.50

4.59　土0.72

3.01土0.29

15.5　土5.1

4.20　土0.96

ll.5　土3.2

O.

II

0.6

ft

b.

D

5.

62　土1.07

56　土0.18

54　土0.054

69　土1.47

73　土1.09

35　土1.13

69　土1.ll

Analytical errors are lo of the mean.



Table 8. Chemical compositions (weight percentage) of metallic aggregates in SD37-S2/CD.

N o.　　　Ru Rh Pd Te Pb U As B i Sb Ni Cu Total

49.33

58.73

48.93

56.37

61.60

61.64

50.56

49.34

35.44

10　　　　38.55

11　　　　46.16

12　　　　48.77

13　　　　62.34

14　　　　51.10

15　　　　68.98

16　　　　54.26

17　　　　43.81

18　　　　43.85

19　　　　45.03

20　　　　50.79

21　　　　41.84

22　　　　51.87

SD37-S2/CDa　33.51

SF29D　　　25.06

7.06　　1.12　　4.39

6.97　　2.00　　2.48

5.21　1.3`　　3.07

4.38　　1.12　　2.23

4.99　　1.03　　2.43

4.13　　0.88　　2.10

6.74　　1.19　　4.26

5.69　　0.77　　4.70

7.66　　1.97　　4.77

7.11　　2.02　　3.74

8.71　1.22　　5.23

7.62　　1.19　　5.10

5.41　　0.92　　2.S

6.55　　1.11　　3.45

4.12　　1.42　　1.62

6.08　　1.14　　4.26

7.78　　1.24　　5.93

5.90　　1.54　　4.21

5.19　　1.41　　4.14

4.83　　1.26　　3.54

8.30　　1.29　　5.23

6.73　　1.10　　3.61

2.66　　0.21　14.02　　2.21

1.46　　0.10　　9.58　　1.68

3.20　　0. 15　　20.20　　1.63

2.74　　0.18　　15.33　　1.26

2.11　　0.08　　11.23　　1.54

1.59　　0.04　　　9.66　　1.52

2.72　　0.25　　14.83　　2.07

2.57　　0.27　　14.03　　2.33

4.31　　0.16　　24.07　　1.39

4.11　　0.25　　28.54　　1.41

2.94　　0.32　　19.57　　2.25

2.55　　0.26　　19. 19　　2.65

1.88　　0.20　　10.97　　2.08

2.56　　0.24　　14.93　　2.09

1.24　　0.07　　6.36　　1.33

2.20　　0.16　　12.09　　2.24

3.00　　0.25　　18.85　　2.41

4.29　　0.36　　23.36　　1.85

4.07　　0.21　　23.46　　2.06

3.75　　0.24　　21.23　　2.02

4.49　　0.39　　19.89　　2.26

3.03　　0.15　　16、三74　　2.15

4.17　　　0.64

2.46　　0.38

4.85　　　0.77

3.65　　0.69

2.28　　0.45

1.89　　0.40

4.40　　0.72

4.70　　0.59

5.00　　0.90

4.04　　0.61

5.06　　0.76

4.70　　0.68

2.63　　　0.31

3.98　　　0.60

1.32　　0.25

4.08　　　0.49

5.33　　　0.75

5.66　　0.69

5.70　　0.71

3.94　　0.68

7.97　　　0.70

5.35　　　0.66

4.64　　　n.r.　　2.71　38.89　　0.39　　7.99　　7.43　　　n.r.　　n.r.

4.63　　　n.r.　　0.70　　20.5 1　1.42　　31.29　1 1.62　　n.r.　　n.r.

0.61　　0.20　　　86.63

0.53　　　0.30　　　86.65

1.15　　　0.16　　　90.66

1.23　　　0.38　　　89.56

0.85　　　0.53　　　89.10

0.89　　　0.47　　　85.21

0.64　　　0.28　　　88.66

0.58　　　0.19　　　85.76

1.08　　< 0.01　　86.74

1.19　　<0.01　　91.58

0.69　　　0.08　　　92.97

0.69　　　0.08　　　93.46

0.55　　　0.37　　　90.64

0.83　　　0.21　　　87.63

0.46　　　0.47　　　87.65

0.52　　　0.26　　　87.78

0.71　　0.10　　　90.14

1.11　　0.11　　　92.93

1.13　　　0.10　　　93.18

1.12　　　0.24　　　93.63

0.69　　　0.04　　　93.08

0.91　　0.20　　　92.51

n.r.　　n.r.　　　95.55

n.r.　　　ェ　　　95.32

Average chemical composition of metallic aggregates in SD37-S2/CD in previous work. Data are from Hidaka et al. (1999).

'Average chemical composition of metallic aggregates in SF29 (RZIO). Data are from Gauthier-Lafaye et al. (1996).

n.r. - no reported.



Table9. Pb andUisoto ic ratios of the metallic a ates in SD37-S2/CD.

0 4pb/20 6pb　　　　　207pb/206pb O8pb/206pb

SD3 7-S2/CD

Metallic aggregate

IB

ll2

2-1

3-1

3-2

4-1

5-1

5-2

>->

6-1

6-:

6-3

8-1

8-2

911

10-1

10-2

1ト1

11-2

12-1

12-2

12-3

12-4

13-1

13-2

14-1

14-2

0.000149士0.000012

0.000131土0.000015

N.A.

N.A.

N.A.

0.000171土0.000005

0.000178土0.000006

0.000217土0.000014

0.000139土0.000011

0.000176土0.000013

N. A.

N.A.

0.000175土0.000004

0.000164土0.000007

0.000184土0.000020

0.000142士0.000013

0.000158土0.000005

0.000185土0.000008

0.000164土0.000009

0.000155土0.000008

0.000162土0.000003

0.000153土0.000004

N.A.

0.000135土0.000008

0.000140土0.000011

0.000208士0.00001

0.000180土0.000006

SD37-S2/CD2(c)　　　　　<0. 0005

sD37-S2/CD5(O)　　　　　O. 0005

0.103土0.006　　　0.00824　士0.00050

0.091士0.009　　　0.00715　± 0.00072

N.A.　　　　　　　　　N.A.

N.A.　　　　　　　　　N.A.

N.A.　　　　　　　　　N.A.

0.104土0.001　　　0.00847　土0.00009

0.109土0.001　　　0.00875　± 0.00007

0.110土0.003　　　0.00892　土0.00023

0.103土0.009　　　0.00673　土0.00059

0.106土0.006　　　0.00803　土0.00046

N.A.　　　　　　　　　N.A.

N.A.　　　　　　　　　N.A.

0.114ア0.002　　　0.00802　土0.00014

0.114士0.005　　　0.00793　土0.00030

0.109土0.004　　　0.00792　土0.00066

0.099土0.009　　　0.00732　士0.00070

0.105土0.003　　　0.00755　土0.00025

0.114士0.005　　　0.00856　土0.00035

0.104士0.007　　　0.00791士0.00050

0.110士0.006　　　0.00758　土0.00040

0.109土0.001　　　0.00754　士0.00008

0.109士0.003　　　0.00738　土0.00021

N.A.　　　　　　　　　N.A.

0.098土0.004　　　0.00726　土0.00033

0.098土0.008　　　0.00722　土0.00065

0.121土0.001　　　0.00894　士0.00009

0.111土0.003　　　0.00827　士0.00023

0.12660　　　　　　　　0.01413

0.12590　　　　　　　　0.01376

3 5U′ 38U

0.00500　士0.00016

0.00478　± 0.00015

0.00555　士0.00017

0.00549　± 0.00016

0.00523　士0.00015

0.00720　士0.00023

0.00497　士0.00015

0.00930　士0.00030

N.A.

0.01252　± 0.00040

0.00978　土0.00031

0.00622　± 0.00020

0.00968　土0.00031

N.A.

0.00771士0.00025

0.00568　± 0.00018

N.A.

0.00870　士0.00028

N.A.

0.0071 1

0.00885

0.00724

0.00663

0.00503

0.00514

0.01466

土0.00021

土0.00026

土0.00023

土0.00021

土0.00016

土0.00016

± 0.00046

N.A.

"Pb′06pb(
.00

0.101士0.010

0.089　土0.013

0.102　士0.003

0.107　士0.004

0.107　士0.007

0.101土0.012

0.104　土0.010

0.112　±0.003

0.112　土0.007

0.106　士0.012

0.097　士0.013

0.103　土0.004

0.111土0.007

0.102　土0.009

0.108　土0.008

0.107　土0.002

0.107　土0.004

0.096　± 0.007

0.096　土0.011

0.118　土0.006

0.109　土0.011

川r"W

0.146　土0.015

0.135　±0.021

0.102　土0.005

0.155　士0.007

0.083　土0.006

0.060　士0.006

0.084　士0.004

0.100　±0.012

0.124　土0.016

0.093　士0.006

0.110　土0.009

0.087　土0.003

0.107　土0.005

0.139　±0.011

0.135　土0.016

0.058　±0.004

ALie (M。-.1..

2304　士179

2167　± 269

1667　土82

2407　±78

1279　土150

603　士213

1283　士84

1626　± 222

2012　土236

1486　士132

1799　土147

1371土69

1750　±91

2209　士137

2170　土205

547　士136

Analytical errors are 1 a of the mean. N.A. - not analyzed in this study.

(a>'Isotopic composition of radiogenic lead. Correction for common lead: 206Pb/204Pb - 1 8.6 1. 207Pb/204Pb - 1 5.75. (Mathieu et al., 200 1).

Isotopic composition of radiogenic lead and apparent age after correction for 235U depletion and enrichment.

(c)The two data of the metallic aggregates in SD37-S2/CD are from Gauthier-Lafaye et al. (1996).



Table 10. Zr Mo and Ru isoto ic ratios of血e metallic a ates in SD37-S2/CD.

90'zxrzx97Mo/95Mo99-r.flOl-r,Ru/Ru

1.731土0.005

1.743土0.011

1.744士0.008

1.721土0.006

2.113士0.035

2.651士0.028

1.788士0.010

2.093土0.040

1.737土0.011

1.843士0.051

1.887士0.020

1.858士0.024

1.790土0.010

1.801土0.017

1.765土0.009

1.774土0.007

1.708士0.009

1.741土0.011

1.707士0.005

1.698士0.006

1.811ア0.010

1.814ア0.002

0.921士0.007

0.919士0.006

0.918ア0.004

0.931土0.007

0.902土0.004

0.891土0.010

0.932土0.005

0.929土0.011

0.912土0.004

0.911土0.006

0.922土0.004

0.910土0.003

0.900土0.010

0.913土0.007

0.898土0.003

0.899土0.007

0.910土0.005

0.903土0.004

0.897土0.003

0.898土0.003

0.912土0.004

0.909士0.005

0.838士0.008

0.912土0.009

0.780ア0.008

0.620土0.007

0.636土0.003

0.563土0.006

0.614土0.007

0.807土0.010

0.577土0.006

0.582土0.002

1.657土0.012

1.725土0.029

0.689土0.009

0.746土0.012

0.324土0.001

0.331土0.001

1.216土0.014

1.216土0.004

1.256士0.010

1.207士0.003

0.653士0.003

0.677土0.001



Table 10. continued.

90'zr/9 1zr　　　　　　　　　　97Mo/95Mo　　　　　　　　"Ru/1 0 1 Ru

. b
emc

1.769土0.004

1.754土0.006

1.702土0.046

1.661土0.009

1.692土0.004

1.708土0.005

1.648士0.008

1.725土0.010

N.A.

N.A.

N.A.

4.659土0.004

0.9456

0.817土0.005

0.892土0.004

0.882土0.004

0.883ア0.005

0.917士0.002

0.915土0.004

0.906土0.006

0.882土0.001

N.A.

N.A.

N.A.

0.5986土0.0002

0.9768

1.020士0.016

0.963土0.003

1.034土0.004

1.080土0.005

1.214土'0.017

1.372土0.004

1.056土0.008

1.080土0.002

1.9342

1.5611

2.2842

0.7550土0.0005

1.136

N.A. - not analyzed.

Analytical uncertainties are lo of the mean.

The data of the metallic aggregates in SD37-S2/CD are from Hidaka et al. (1999).

Fissiogenic values are obtained after consideration of the fission yields of nuclides of

Zr, Mo and Ru (England and Rider, 1988) and fission contributions of U, li*u and Pu

in SD37-S2/CD (Hidaka et al., 1999).




