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ABSTRACT

Different response of Ce to redox state from those of the other light rare earth

elements (LREEs) can be used to understand paleoredox states. In order to establish the

possibility of using Ce anomaly as a proxy for paleo-environments, we examined the

mineralogical and chemical characteristics of bulk samples and REE-bearing minerals

of a modern weathering profile developed on granite, by X-ray fluorescence analysis,

laser-ablation inductively coupled plasma mass spectrometry, field emission electron

microprobe analysis, field emission scanning electron microscopy and X-ray

diffractometry. Bulk samples showed no significant Ce-anomalies except for the

topmost layer that had a positive Ce-anomaly reflecting significant loss of LREEs

except for Ce. Allanite-(Ce), primary REE-bearing mineral, contributed to ~100% of La,

Ce, Pr and Nd in the parent rock, and gradually decreased in amount toward the topmost

layer. Secondary cerianite-(Ce) (Ce(IV)O;) was observed in the weathering profile,

especially at shallower depths. Secondary rhabdophane-(La), -(Ce), -(Nd) and -(Y) were

also observed in the weathering profile but in less amounts in the topmost layer. The

occurrences of rhabdophane-(La) and -(Nd) in contact with halloysite, secondary clay

mineral, suggest probable adsorption of REEs onto halloysite prior to their formation.
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Similar formation mechanisms are likely for rhabdophane-(Ce) that commonly occurred

in grain boundaries and was usually formed in contact with halloysite.

Rhabdophane-(Y) occurred in association with fluorapatite. The ratios of La, Pr and Nd

of thabdophane-(La), -(Ce) and -(Nd) were similar to that of allanite-(Ce), suggesting

that these LREEs are inherited from allanite-(Ce) and behave similarly before the

formation of rhabdophane. Different negative Ce-anomaly values of thabdophane (i.e.,

~0.03-0.34 for rhabdophane-(La), -(Nd) and -(Y), and ~0.6 for rhabdophane-(Ce)) can

result from a difference in intensity of the formation of cerianite-(Ce) prior to the

precipitation of thabdophane. We have classified LREE redistributions in both

secondary minerals and bulk weathered samples during oxic weathering and suggested

that Ce anomaly can provide useful information on anoxic weathering and thus

atmospheric oxygen evolution in the Precambrian if Ce anomalies of both bulk samples

and secondary REE-bearing minerals are determined.

Keywords: REE, weathering, Ce anomaly, paleoredox and phosphate
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INTRODUCTION

Because weathering is mineral-water-atmosphere interaction, geological records of
paleoweathering provide useful information on paleo-environments, especially
atmospheric oxygen and carbon dioxide concentrations (Holland et al. 1984; Rye and
Holland 1998; and references therein). Chemical analyses of rare earth elements (REEs)
have been applied to paleosols, ancient weathering soils, to understand
paleo-environments (e.g., Wiggering and Beukes 1990; Macfarlane et al. 1994; Pan and
Stauffer 2000; Panahi et al. 2000; Murakami et al. 2001; Yang et al. 2002; Yang and
Holland 2003; Utsunomiya et al. 2003; Ichimura and Murakami 2009), using Ce
anomaly (Ce/Ce* = CeN/(LaNxPrN)” 2 where Ce = Cey and Ce* = (LaNxPrN)” 2, and
REEy is the REE concentration normalized by CI chondrite (McDonough and Sun
1995)). Earlier studies (Sawka et al. 1986; Banfield and Eggleton 1989; Braun et al.
1990; Braun et al. 1993; Cotten et al. 1995) have reported that Ce fractionation occurs
in modern, oxic weathering as follows: cerianite-(Ce) (Ce(IV)0O,) is formed through
Ce(III) oxidation and subsequently rhabdophane with negative Ce-anomalies is formed,
utilizing dissolved P and REEs from primary minerals such as apatite and allanite. Such

Ce fractionation has been considered to result from a difference in mobility between
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Ce(IV) and other trivalent LREE including Ce(III) and to be evidence of the presence of

a significant amount of atmospheric oxygen. Then the absence or presence of Ce

anomaly has been applied to paleosols to determine whether the paleosols were formed

under oxic or anoxic conditions (e.g., Wiggering and Beukes 1990; Macfarlane et al.

1994).

On the other hand, the above Ce fractionation processes under oxic conditions may

be further complicated by 1) Ce(III) oxidation by oxyhydroxide-assisted scavenging

(e.g., Janots et al. 2015) and by microbial mediation (Moffett 1990; 1994), i1)

suppression of Ce(IlI) oxidation by organic complexation (e.g., Davranche et al. 2004;

2005; Yu et al. 2018) and iii) enhancement of thabdophane formation by biological

processes (e.g., Taunton et al. 2000). Furthermore, mere absence or presence of Ce

anomaly may not simply determine paleoredox conditions during weathering because of

various formations of Ce anomalies shown by more recent studies: (1) erosion of the

upper layer of a paleosol could result in the absence of Ce anomaly even if a Ce

anomaly could have been present in the upper layer that disappeared (Pan and Stauffer

2000); (2) a Ce anomaly could be obscured on a meter scale even if Ce could have been

separated from the other LREEs on a mm to cm scale (Lottermoser 1990); (3) a Ce

anomaly could not be necessarily related to the oxidation state of Ce if the
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transportation of the other LREEs than Ce from the upper layer could have changed the

Ce anomaly sign from zero to negative in the deeper layer (e.g., Takahashi et al. 2000;

Janots et al. 2015); (4) the abundance ratios of LREEs could not change significantly if

primary REE-bearing minerals could have not been dissolved significantly (Takahashi

et al. 2000; Sanematsu et al. 2015); (5) later metasomatism and/or metamorphism could

alter the chemical compositions of some minerals, including that of rhabdophane,

having formed at the time of weathering (e.g., Fedo et al. 1997; Ichimura and Murakami

2009); and (6) rhabdophane with the absence of Ce anomaly could form under oxic

conditions (Nagy et al. 2002; Berger et al. 2014; Liu et al. 2016). These limitations

make it difficult to interpret Ce anomalies of Precambrian paleosols especially because

REE concentrations have been mostly measured for bulk samples but not for

REE-bearing minerals (e.g., Ichimura and Murakami 2009).

Despite the above limitations in the application of Ce anomaly to the determination

of redox states of paleo-environments, the present study has been undertaken to clarify

how REEs are redistributed in bulk samples and secondary REE-bearing minerals

depending on either oxic or anoxic conditions, which is useful to understand

atmospheric oxygen evolution in the Precambrian. To reach these goals we have

examined mineralogical and chemical aspects of a modern weathering profile and
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primary and secondary REE-bearing minerals.

SAMPLES AND METHODS

Samples

A weathering profile of granite located in Inada, Ibaraki, central Japan (36°22'N

140°11'E) was studied. The radiogenic age of the Inada granite is 60—65 Ma (Arakawa

and Takahashi 1988 and references therein). The granite is coarse-grained, and

composed of quartz, plagioclase, orthoclase and biotite as major minerals, and allanite,

zircon, apatite and ilmenite as accessory minerals (Arakawa and Takahashi 1988). The

samples for the present study were exposed on the steep edge of a small table land; six

weathered samples (YMKI1, at a depth of 5.0 m from the surface of the table land;

YMKZ2, 10.4 m; YMK3, 19.2 m; YMK4, 25.0 m; YMKS5, 29.0 m; and YMKG®6, 31.0 m),

and one fresh granite sample (YMK?7) were collected. The location of the samples in the

profile is given in Fig. 1. The subsurface soils were mixed with plant roots and therefore

not sampled.

Analytical methods
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Whole-rock chemical compositions of the bulk samples were determined by X-ray

fluorescence analysis (XRF, PANalytical, Axious) and laser-ablation inductively

coupled plasma mass spectrometry (LA-ICP-MS, Cyber Laser Inc., [FRIT and Agilent

Technologies, Agilent 7500cx). The major and clay mineral species were identified by

X-ray diffractometry (XRD, Rigaku, RINT 2100 and PANalytical, X Pert Pro MPD).

The chemical compositions of individual minerals were determined by field emission

electron microprobe analysis (EMPA, JEOL, JXA-8530F). The species, occurrences,

textures and morphologies of minerals on a um scale were examined by field emission

scanning electron microscopy (SEM, Hitachi, S4500) equipped with an energy

dispersive X-ray spectrometer (EDS, Kevex system) and an electron backscatter

diffraction analyzer (EBSD, ThermoNoran, Phase ID system). Modal compositions of

the bulk samples were determined using SEM and XRD.

X-ray fluorescence analysis. For whole-rock chemical analyses, bulk samples

>~200 g were dried at room temperature and the amount was reduced by the coning and

quartering method (McNaught and Wilkinson 1997). Note that sample YMK?7 (fresh

granite) was crushed by an Fe-Mn alloy jaw crusher prior to the amount reduction. Each

sample of 40 g was pulverized by a vibration mill (TI-100, CMT) with an alumina

container and rod for 3 min. Each powder sample was heated at 1000 °C for 2 h to
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measure loss on ignition (LOI). A glass bead sample for XRF measurement was
prepared by mixing 0.5 g of each powder sample with 5.0 g of di-lithium tetraborate
(L12B4O7, Spectromelt A10) flux. This mixture was heated to 1150 °C for 8 min in a
95% Pt-5% Au crucible of 30 mm of inner diameter, using an automatic high frequency
bead sampler (TK-4100, Tokyo-Kagaku Co., Ltd.). Major element compositions of the
bulk samples were determined by XRF. The operating voltage and current of the Rh
X-ray tube were 50 kV and 50 mA, respectively. Analytical error was estimated by
counting the statistical error of each element. Calibration lines of the major elements
were established using the Geological Survey of Japan (GSJ) geochemical reference
samples of igneous rock series (Imai et al. 1995, 1999; Terashima et al. 1998).
Laser-ablation inductively coupled plasma mass spectrometry. The XRF
glass-bead samples were used to measure the trace element compositions by
LA-ICP-MS (Kon et al. 2011). The carrier-gas flow rate and ion-lens setting of [CP-MS
were adjusted carefully to maximize the S/N ratio of La and to minimize the oxide
production rate (*>Th'°0O/***Th). The laser system was operated with a 780 nm light
source, a ~20 um diameter pit size, 100 pJ/cm® pulse energy, a 1000 Hz pulse repetition
rate and 90 sec ablation. In order to minimize elemental fractionation during ablation

and to ablate the glass-bead samples effectively, the ablation spot was moved at 500
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um/sec throughout the analysis. For all elements analyzed, Si-normalized signal
intensities were calibrated using three GSJ reference materials (JB-3, JG-3 and JR-3;
Imai et al. 1995, 1999). The uncertainties were <~10% for each element. The chemical
compositions of the major and trace elements of the bulk samples are listed in Table 1.
X-ray diffractometry. The bulk samples were powdered by milling with tungsten
carbide and the constituent minerals were identified by XRD. The modal compositions
of the major minerals in the weathering profile were determined by XRD based on the
modal compositions of respective minerals in the parent rock (see the section of
scanning electron microscopy). We made another set of powder samples for the modal
composition determination because biotite is much less resistant to mechanical milling
than quartz, which can affect the XRD intensities. Quantitative modal compositions
were determined by the following procedures (cf., Nelson and Cochrane 1970): 2 g of
each sample was powdered by milling with tungsten carbide for 30 sec, mixed with 20
wt% of a-ALOj; particles of 1 um in diameter as a quantitative standard, and subjected
to XRD. The modal compositions of quartz, plagioclase, orthoclase and biotite in the
weathered samples (samples YMK1—-6) were determined according to the ratios of the
intensities at 100, 201, 201 and 001 reflections, respectively, to those of the parent

rock (sample YMK?7). The residue was assumed to be ascribed to the fraction of clays

10
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for each weathered sample while the clay (including amorphous phase) content of the

parent rock was assumed to be zero.

The bulk samples were gently crushed by hand in water (for samples YMK1—4) or

by mechanical milling (for samples YMKS5—7) for identification of clay minerals. A <2

um fraction was separated from each powder sample by elutriation, and then, its

oriented specimen was subjected to XRD. Halloysite was distinguished from kaolinite

by treating the <2 um fraction with hydrazine, water and glycerol (e.g., Range et al.

1969). Chlorite, smectite and vermiculite (peaks at around 1.4 nm) were distinguished

from one another by the treatment of the < 2 um fraction with ethylene glycol and

heating (500 °C). The qualitative amounts of clay minerals were obtained from their

peak intensities.

Electron microprobe analysis. Polished thin sections of the bulk samples were

made for chemical analyses by EMPA; the operating voltage was 25 kV and the beam

current 50 nA, which resulted in ~3 pum in size for the analyzed area of a specimen. The

standards used were: LaBg for B; CaF,, F; albite, Na; MgO, Mg; Al,Os, Al; CaSiOs, Si

and Ca; sodalite, Cl; adularia, K; TiO,, Ti; VO,, V; chromite, Cr; Mn,SiO4, Mn;

hematite, Fe; NiO, Ni; SrSOy, S and Sr; Y3AlsO12, Y; ZrO,, Zr; REE phosphate

(Cherniak et al. 2004), P and lanthanides (La—Lu); HfO,, Hf; and (Pb, V, Ge) oxide, Pb.

11
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The standards indicated by chemical formulas are those synthesized. Thorianite and

uraninite whose compositions were measured by SEM-EDS (JEOL, JSM-5310 for SEM

and Oxford, Link ISIS for EDS) prior to the EMPA measurements were used for the

standards for Th and U, respectively. The backgrounds were corrected according to

Williams (1996) for Cr, Mn, Fe, Ni, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu,

and for the other elements, corrected using the backgrounds near the corresponding

peaks. We also corrected for peak overlaps (e.g., at Eu(La)-La(Ly;), Pr(LB2), Nd(Lf2)).

After the corrections, the peak intensities were corrected for ZAF. Note that secondary

REE-bearing minerals were fine (see below), and therefore, their aggregates of >~5 um

in size were analyzed by EMPA. The concentrations of individual REEs contained in

the standard REE phosphate were 0.1—-1wt% as REE>;Oj3 and the relative measurement

uncertainties and detection limits were 0.01—0.05wt% and 0.05—0.15wt% as REE,Os,

respectively. The REE-bearing minerals contained in the samples are listed in Table 2

with their ideal formulas, and their chemical compositions are summarized in Tables 3

and 4 for the parent and weathered rocks, respectively.

Scanning electron microscopy. SEM, including secondary and backscattered

electron imaging, of <2 um fractions, polished thin sections and fracture surfaces of the

samples was used to examine the occurrences, textures and morphologies of minerals.

12
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SEM-EBSD was used for mineral identification with software developed by Kogure
(2003).

Backscattered electron micrographs of five polished thin sections with an area of
~30 cm? in total were used to measure the areas (in pixels) of the major minerals (i.e.,
quartz, plagioclase, orthoclase and biotite) in the parent rock (sample YMK?7) and to
determine their modal compositions. The areas of REE-bearing mineral particles were
measured in the same way as above for the modal compositions of primary
REE-bearing minerals except for zircon and fluorapatite in the parent rock, and for the
average chemical compositions of both primary and secondary REE-bearing minerals
(see below). The modal compositions of zircon and fluorapatite were calculated from
the whole-rock concentrations of Zr and P, respectively, in the parent rock (Tablel)
because we could reasonably assume that all Zr and P were only contained in zircon and

fluorapatite, respectively.

RESULTS

Weathering and mineralogy in the profile

Changes in LOI and chemical index of alteration (CIA = {Al,0O3/(ALLO; + CaO +

13
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NayO + K,0)}x100 (in moles); Nesbitt and Young 1982) indicated that weathering was

generally stronger at shallower depths toward the top of the profile, which was

confirmed by decreases in Na and Ca with depth (Fig. 2). In contrast, large changes

were not found in the compositions of major elements except for Na and Ca or trace

elements through the weathering profile (Table 1).

The modal composition of major minerals in the parent rock was: 32.3(+1.8)wt%

uartz, 39.7(=1.5)wt% plagioclase, 22.7(x1.0)wt% orthoclase and 5.1(+0.4)wt% biotite.
q plag

Quartz and orthoclase persisted without a decrease in content even at the top of the

profile while plagioclase decreased its content with depth and biotite almost disappeared

at depths of <20 m (Fig. 1). The decrease in plagioclase with depth is consistent with

similar decreases in Na,O and CaO (Figs. 1 and 2). Clay minerals observed in the

weathering profile were halloysite, kaolinite, smectite and vermiculite. Halloysite and

kaolinite were observed at depths of <25 m and smectite/vermiculite at depths of <29

m (Fig. 1). Figure 3 demonstrates the presence of halloysite and that of kaolinite, though

less in amount, in sample YMK2; the 1.03 and 0.72 nm peaks (Fig. 3a) converged to a

1.04 nm peak (with a faint peak at 0.72 nm) after hydrazine treatment (Fig. 3b), the 1.04

nm peak showed higher intensity after the hydrazine-treated specimen was washed by

water (Fig. 3¢), a 1.11 nm peak, indicating the presence of halloysite, appeared by

14
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glycerol treatment of the hydrazine/water-treated specimen (Fig. 3d), and finally a 1.00

nm peak (biotite) remained after heat treatment (Fig. 3e). Tubular morphology,

characteristic of halloysite, was observed by SEM. The clay fraction increased with

depth (Fig. 1).

REEs in the bulk samples

The concentrations of total REEs and LREEs (XREE and XLREE, respectively)

were similar throughout the weathering profile or faintly increased with depth except for

those in the uppermost sample (YMK1) where they were slightly lower than and similar

to, respectively, those in the parent rock (Fig. 2). Ce anomalies were almost absent at

depths of >10 m while sample YMKI1 at a depth of 5.0 m showed a positive

Ce-anomaly (Fig. 2). The concentration of total HREEs (XHREE) was generally smaller

in the weathered samples than that in the parent rock (Fig. 2), which is usually observed

for granite weathering (e.g., Nesbitt 1979).

The REE patterns of the weathered samples except for sample YMK1 were

characterized by slightly higher LREE and lower HREE concentrations than those of the

parent rock (Fig. 4a), which is commonly observed for weathering of granite (e.g.,

Nesbitt 1979; Braun et al. 1990; Aubert et al. 2001). The REE pattern of sample YMK1
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showed lower REE concentrations than those in the parent rock except for Ce with a

positive anomaly (Fig. 4a). This trend is emphasized when the REE concentrations are

normalized by those of the parent rock (Fig. 4b). All REE patterns were accompanied

by negative Eu-anomalies (Fig. 4a). The Ce anomaly was significant only in sample

YMKI1 but not for the other samples (Figs. 2 and 4a). The characteristics shown in the

REE patterns generally coincide with the depth variations shown in Fig. 2 (e.g., the

depth variation of XREE).

Occurrences of REE-bearing minerals

Allanite-(Ce) was apparently major and other LREE-bearing minerals such as

xenotime-(Y) and fluorapatite were minor for contributions to LREEs of the parent rock

(Table 3). The qualitative abundances of primary REE-bearing minerals in the

weathering profile are given in Table 5. Allanite-(Ce) started to be dissolved at a depth

of 25.0 m and was low in amount at depths of 10.4 m and shallower. The qualitative

depth-profile of the allanite-(Ce) abundance in Table 5 is apparently a mirror image of

those of LOI and CIA in Fig. 2, suggesting that allanite-(Ce) was weathered in a similar

trend to that of the whole weathering profile. Fluorapatite, a source of phosphorous for

secondary REE phosphates, was a common REE-bearing mineral in the parent rock and
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288  also present in the weathering profile but just as trace abundance at depths of <25 m.

289  Xenotime-(Y) was occasionally observed.

290 The qualitative abundances of secondary REE-bearing minerals in the weathering

291  profile are given in Table 5. Cerianite-(Ce) was observed throughout the whole

292  weathering profile, even at depths of 31 and 29 m, and most abundant at a depth of 5.0

293  m (sample YMK1). The cerianite-(Ce) abundance at 5.0 m is reflected in the REE

294  pattern where only Ce is apparently enriched compared to the other LREEs (Fig. 4b).

295  Cerianite-(Ce) occurred in small veins or grain boundaries usually with Mn

296  (oxyhydr)oxide (Figs. 5a and 5b). Rhabdophane was similarly observed at depths of

297  25—10 m but of trace at a depth of 5.0 m (Table 5). Rhabdophane occurred as aggregates

298  of fine crystals with widths of several tens to several hundreds of nm and lengths of

299  several tens of nm to 5 pm (Fig. 5¢). Rhabdophane was classified into

300  rhabdophane-(La), rhabdophane-(Ce), rhabdophane-(Nd) and rhabdophane-(Y).

301  Rhabdophane-(La) mainly occurred in veins in weathered plagioclase, in contact with

302  halloysite (Fig. 5d; “KI” is probably halloysite). Rhabdophane-(Ce) mainly occurred in

303  grain boundaries, usually associated with halloysite (Fig. Se; “KI1” is probably

304  halloysite). Rhabdophane-(Nd) was observed in veins in weathered plagioclase,

305 associated with halloysite (Fig. 5f), and also observed occasionally accompanied by
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smectite and associated with fluorapatite (Fig. 5g). Rhabdophane-(Y) was found only in

sample YMKG®6, occurring similarly to the latter type of the occurrence of

rhabdophane-(Nd) (Fig. 5h). Rhabdophane commonly had elongated shapes, identified

by comparing the EBSD patterns (e.g., Fig. 51) to the calculated ones (e.g., Fig. 5j). The

kaolin minerals shown in Fig. 5 were probably halloysite since there were relatively

larger amounts of halloysite than kaolinite in samples YMK2 and YMK4 (at depths of

10.4 and 25.0 m, respectively; Fig. 1) and they appeared rod shaped under SEM (data

not shown). Halloysite domains isolated from rhabdophane ones were analyzed by

EMPA to measure REE concentrations adsorbed onto halloysite, but the concentrations

of individual REEs on halloysite were under the detection limits (i.e., <0.05-0.15wt%).

Chemical compositions of REE-bearing minerals

We could not give a complete set of quantitative REE compositions of either

primary or secondary REE-bearing minerals because the concentrations of some REEs

were low and sometimes below detection limits (Tables 3 and 4). Despite incomplete

chemical information, the REE compositions of both primary and secondary

REE-bearing minerals provide important information on the REE transport as discussed

below. The average compositions shown in Tables 3 and 4 were calculated by the
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equation below:

Crnz = Zni(AniCriz)/ Xmi Ani (1)
where C,, 7 is the average concentration of element Z in mineral species n (wt%), Ay the
area of an individual particle ni of mineral species n (pixel number, dimensionless), and
Chiz the concentration of element Z in an individual particle ni of mineral species n
(Wt%). See Section “Analytical methods” for the measurements of Ap;.

The chemical compositions of REE-bearing minerals in the parent rock show how
REEs were individually distributed in the minerals (Fig. 6a). Being apparently the major
LREE-bearing mineral, LREEs were mostly contained in allanite-(Ce) which, however,
did not have significant amounts of HREEs (compare the REE pattern of allanite-(Ce)
to that of the bulk parent rock in Fig. 6a). HREEs were instead contained in allanite-(Y),
fluorapatite, zircon, xenotime-(Y), Ca- and Y-rich unidentified phase, titanite and
epidote (Fig. 6a). All primary REE-bearing minerals had large negative Eu-anomalies
(Table 3 and Fig. 6a).

The chemical compositions of the secondary REE-bearing minerals are given in
Table 4, and the REE patterns of rhabdophane are shown in Fig. 6b compared to those
of allanite-(Ce) of the parent rock and bulk sample YMK2. The REE pattern of only

sample YMK2 is given as an example of those of the weathered samples except for
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sample YMK1. Figure 6b shows that the slopes of the LREE patterns of

rhabdophane-(La), -(Ce) and -(Nd) were similar to that of allanite-(Ce) if we exclude

the Ce anomalies from the slopes. Rhabdophane-(Y) had a different slope from those of

rhabdophane-(La), -(Ce) and -(Nd). Rhabdophane-(La), -(Ce) and -(Nd) shared similar

slopes of HREE patterns. The rhabdophanes had different values of Ce anomaly from

one another despite the absence of Ce anomaly in allanite-(Ce) (Fig. 6b).

The slopes of LREE patterns (LREEs except for Ce) of rhabdophane-(La), -(Ce)

and -(Nd) were similar to that of bulk weathered sample YMK2 (Fig. 6b), which

suggests a significant contribution of rhabdophane to the LREE redistribution during

weathering. The values of Ce anomaly of thabdophane were less than one (Table 4)

although those of the bulk samples were nearly one or more (Table 1), suggesting

significant fractionation of Ce between cerianite-(Ce) and rhabdophane. The values of

Eu anomaly of rhabdophane were much smaller than those of the bulk samples (Tables

1 and 4).

DISCUSSION

Before we discuss the role of rhabdophane in REE redistribution, we briefly
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summarize our results of the mineralogy and chemistry of the weathering profile of the

Inada granite. The intensity of weathering is slightly greater at shallower depths as

indicated by the parameters such as the abundances of plagioclase and biotite, the values

of CIA and the concentrations of Na,O and CaO (Figs. 1 and 2). The concentrations of

>REE and XLREE are similar throughout the weathering profile or faintly increase

toward the top of the profile but decrease at the uppermost layer, sample YMKI; Ce

anomalies are absent throughout the profile except for the uppermost layer (Fig. 2). The

characteristics of the uppermost layer are distinct from those of samples YMK2 to

YMKG6 as shown in Fig. 4b by the similar abundances of Ce and the lower abundances

of the other LREESs, suggesting vertical transport of LREEs except for Ce.

The high abundances of rhabdophane at depths of 10.4 and 25.0 m are in accordance

with those of halloysite at the same depths (Fig. 1 and Table 5). Indeed,

rhabdophane-(La), -(Ce) and -(Nd) usually occur in association with halloysite (Figs. 5d,

5e and 5f). Among the rhabdophanes, rhabdophane-(Y) is found only in smectite of

sample YMKG®, usually accompanied by fluorapatite (Fig. Sh). The primary

LREE-bearing mineral, allanite-(Ce), shows no Ce-anomaly (Table 3) while secondary

rhabdophane-(La) and -(Nd) have large negative Ce-anomalies (~0.20 and 0.06,

respectively, Table 4) and rhabdophane-(Ce) has small negative Ce-anomalies (~0.62,
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Table 4). Although we failed to obtain evidence of LREE adsorption on halloysite,
LREE adsorption on kaolin minerals and association of rhabdophane with kaolin
minerals have been reported (e.g., Seredin and Dai 2012). It is likely that LREE
adsorption on halloysite and subsequent rhabdophane formation occur in the weathering
profile. Cerianite-(Ce) is precipitated with little relation to the halloysite occurrences
(Figs. 5a and 5b). Therefore, LREEs in solution are fractionated after cerianite-(Ce) is
formed, and LREEs adsorbed on halloysite are probably deficient in Ce compared to
other LREEs especially La and Nd.

We here consider the transport pathways of REEs from the primary REE-bearing
minerals to the secondary REE-bearing minerals. Firstly, we examine REE fractional
contributions of the primary REE-bearing minerals to respective REE concentrations in
the parent rock. The fractional contribution of element Z in mineral species n to element
Z in the whole parent rock, f,z (%), can be calculated by the following equation:

frz = Crz6n/Crockz ()
where Cyock z 18 the concentration of element Z in the parent rock (wt%), and o, the
modal composition of mineral species n (wt%). oy is obtained from

6p = 100 pp,V /¥n(0nVp) = 100054, /20 (PnArn) (3)

where py, is the density of mineral species n (g-m™), V, the volume (m®) of mineral
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species N and A, the total area of mineral species n (pixel number, dimensionless;

A, = Y Ani). The & values or modal compositions of the primary REE-bearing

minerals are given in Table 3.

Figure 7 shows the REE fractional contributions of the primary REE-bearing

minerals to their respective REE concentrations in the parent rock. Allanite-(Ce)

contributes to ~100% of La, Ce, Pr and Nd, ~90% of Sm and ~40% of Gd in the parent

rock, which should be compared to, for instance, ~50% ZLREE contribution of allanite

to the ZLREE concentration of the whole-rock of parent gneiss (Braun et al. 2018). The

domination of allanite-(Ce) for La, Ce, Pr, Nd and Sm is, therefore, of advantage to

estimate their fates in the weathering profile. We can reasonably assume that almost all

La, Ce, Pr and Nd and most of Sm in the secondary REE-bearing minerals and in the

weathering profile originate from allanite-(Ce). Allanite-(Y) contributes to ~20-50% of

Y and HREESs, and fluorapatite ~30-40% of Y and HREEs at maximum. Some of the

remaining HREEs and/or Y are ascribed to zircon, titanite and Ca- and Y-rich

unidentified phase. Although we successfully attributed ~100% of La, Ce, Pr and Nd

and ~90% of Sm to allanite-(Ce), we attributed nearly less than 50% for most of the rest

of REEs to individual, primary REE-bearing minerals (Fig. 7).

We next examine the ratios of individual REEs of rhabdophane to respective ones
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of allanite-(Ce). Because rhabdophane is a phosphate and allanite is a silicate, we

compare their REE concentration ratios by normalizing the REE concentration ratios by

the XREE ratio of the two minerals (see the caption of Fig. 8 for the detail of the

calculation). Figure 8a shows that the proportions of La, Pr and Nd of rhabdophane are

similar to that of allanite-(Ce) but Ce is deficient in rhabdophane compared to

allanite-(Ce) (also see Tables 3 and 4). Because La, Ce, Pr and Nd of the parent rock,

sample YMK7, are almost all ascribed to allanite-(Ce), the similar proportions of La, Pr

and Nd strongly suggest that La, Pr and Nd are transported and precipitated by similar

mechanisms during weathering. The deficiency of Ce in rhabdophane is caused by Ce

fractionation through Ce(IV) precipitation as cerianite-(Ce) in other areas of the same

layer because no Ce-anomaly is observed in the bulk samples except for sample YMK1

which shows an apparent Ce enrichment resulting from the leaching of the other LREEs

(Fig. 4b). The four rhabdophanes have different values of Ce anomaly (Table 4). Further,

rhabdophane particles have a variety of Ce-anomaly values (Fig. 8b). The variety of

Ce-anomaly values in rhabdophane particles in the same layer can be possibly caused

by different amounts of dissolved Ce among localities due to different amounts of

cerianite-(Ce) precipitates, which is consistent with similar Nd/La concentration ratios

in the rhabdophane particles (Fig. 8c). Thus, even if there is no Ce-anomaly in bulk
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samples, rhabdophane particles can have a variety of Ce anomalies under oxic

weathering by Ce fractionation. The formation mechanisms of rhabdophane-(Y) are

probably different from those of the other types of rhabdophane, suggested by the

differences in occurrence (found only in sample YMKG®6, Table 5) and in REE pattern

(Fig. 6b).

IMPLICATIONS

Previous studies have reported that negative Ce-anomaly of a weathering profile

does not necessarily reflect oxic weathering (e.g., Takahashi et al. 2000), the absence of

Ce anomaly in secondary REE-bearing minerals such as rhabdophane does not

necessarily reflect anoxic weathering (e.g., Janots et al. 2015), and Ce(III) oxidation can

be suppressed under oxic conditions in organic-rich environments (e.g., Yu et al. 2018).

However, the present study has revealed that we can observe records of oxidations in

secondary REE-bearing minerals with Ce fractionation if we examine both

primary/secondary REE-bearing minerals and bulk rocks. We show below whether a

certain weathering profile has occurred under oxic or anoxic conditions using Ce

anomaly.
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Nearly 100% of La, Ce, Pr and Nd in the parent rock are contained in allanite-(Ce)

(Fig. 7), and therefore, the release rates of these four elements to solution should be

almost the same. Accordingly, we only need to consider differences in reaction

pathways between these elements prior to the precipitation of rhabdophane to explain

the behaviors of these elements during oxic weathering. The reaction pathways among

La, Pr and Nd are probably similar (Fig. 8c) while Ce behaviors prior to the

precipitation of thabdophane are different as indicated by the variable negative

Ce-anomalies in rhabdophane (Fig. 8b). Sample YMKI1, the topmost layer, has a

positive Ce-anomaly but the other bulk samples have no Ce-anomaly (Fig. 4a). This Ce

fractionation occurs by the preferential removal of trivalent LREEs compared to Ce(1V),

which is consistent with the fact that the abundance of cerianite-(Ce) is common but

those of rhabdophane-(La), -(Ce) and -(Nd) are at trace levels in the topmost layer

(Table 5).

Our discussion and previous studies (given below) indicate that we can classify the

LREE redistributions between minerals during oxic weathering as follows (Fig. 9): 1)

presence of thabdophane with a negative Ce-anomaly and the presence of cerianite-(Ce)

in the same bulk layer that has no Ce-anomaly (e.g., Lottermoser et al. 1990), ii)

presence of thabdophane with a negative Ce-anomaly in one layer and the presence of
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cerianite-(Ce) in another layer that has a positive Ce-anomaly (e.g., Braun et al. 1998),

and iii) presence of rhabdophane with almost no Ce-anomaly in one layer and the

presence of cerianite-(Ce) in another layer that has a positive or negative Ce-anomaly

(e.g., Janots et al. 2015). In cases ii and iii, rhabdophane and cerianite-(Ce) can coexist

in one layer where their relative abundances vary significantly (Fig. 9). In any cases,

cerianite-(Ce) must form during oxic weathering. Then, the above LREE redistributions

during oxic weathering can imply redistributions of LREEs, especially Ce behavior,

during anoxic weathering in the Precambrian as follows: cerianite-(Ce) is not formed

because its formation must be accompanied by oxidation of Ce(III) through atmospheric

oxygen when the effects of biota on weathering are insignificant (Berner 1992; Algeo

and Scheckler 1998). Because Mn-oxide formation itself is evidence of oxic weathering

(e.g., Hem 1963; Yang and Holland 2003; Murakami et al. 2011), Ce(III) oxidation and

cerianite-(Ce) formation on the surface of Mn oxides (e.g., Taylor and McLennan 1988;

Takahashi et al. 2007; Nakada et al. 2013) also occur under oxic conditions. Because Ce

is transported as Ce(III) in solution in a similar pathway to that of the other LREEs

without oxidation, either rhabdophane or bulk layers have no Ce-anomaly in any

horizons of a weathering profile.

Nonetheless, the above criteria of LREE redistribution in anoxic weathering have
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rarely been applied to paleosols for the examination of paleoredox conditions

(Murakami et al. 2001; Ichimura and Murakami 2009), mainly because paleosols have

been subjected to later metasomatism and/or metamorphism which have altered some

minerals probably including rhabdophane. Rhabdophane is easily altered to monazite

even under low-temperature metasomatism or metamorphism (e.g., Jonasson and Vance

1986), and therefore, rhabdophane formed in Precambrian weathering has been altered

and exists as monazite in paleosols as suggested by Ichimura and Murakami (2009). If

original rhabdophane with no Ce-anomaly is formed under anoxic conditions, the

secondary monazite is expected to inherit the absence of Ce anomaly. Not only

monazite but also bulk layers have no Ce-anomaly if weathering occurred under anoxic

conditions. We suggest that such examination can shed light on atmospheric oxygen

evolution in the Precambrian.
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Figure captions

Fig. 1. Modal composition and clay-mineral abundance changes with depth. The
locations of the samples are shown by arrows and sample names (an approximate depth
for sample YMKY7). The upper soil was not sampled because it was mixed with plant

roots.

Fig. 2. Chemical changes with depth: chemical index of alteration (CIA: {Al,03/(ALLO;
+ CaO + Na,O + K,0)} x100 (in moles)) (Nesbitt and Young 1982), loss on ignition
(LOI), concentrations of Na,O and CaO, total concentrations of REEs, LREEs and
HREEs (EREE, SLREE and SHREE, respectively) and Ce anomaly (Ce/Ce” =
CeN/(LaNxPrN)l/ %, REEx: REE concentration normalized by CI chondrite (McDonough
and Sun 1995)). Because expanded uncertainties at a coverage factor of 1 are smaller

than or similar to the symbol size, they are not given for simplicity.
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Fig. 3. X-ray diffraction patterns of oriented < 2 um fraction of sample YMK2 after (a)

air-drying, (b) hydrazine treatment, (c) washing the hydrazine-treated specimen by

water, (d) glycerol treatment of the hydrazine/water-treated specimen, and (e) heating at

500°C for 1 h. See text for the details.

Fig. 4. Rare earth patterns of the bulk samples normalized by (a) CI chondrite

(McDonough and Sun 1995) and (b) parent rock (sample YMKY7). In Fig. 4a, because

expanded uncertainties at a coverage factor of 1 are smaller than or similar to the

symbol size, they are not given for simplicity; in Fig. 4b, uncertainty bars represent

expanded uncertainties at a coverage factor of 1.

Fig. 5. Backscattered electron images showing occurrences of cerianite-(Ce) and the

four species of rhabdophanes. (a) Rhabdophane-(La) and -(Ce) and cerianite-(Ce) in

sample YMKA4. (b) and (c) Magnified images, in Fig. 5a, of cerianite-(Ce) in veins

accompanied by Mn (oxyhydr)oxide and rhabdophane-(La) and -(Ce) occurring as

aggregates of fine crystals, respectively. (d) Rhabdophane-(La) in veins, usually in

contact with kaolin, in sample YMK2. (e) Rhabdophane-(Ce) in a grain boundary
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between orthoclase grains in sample YMKA4. (f) Rhabdophane-(La) and -(Nd) in veins in

plagioclase mostly filled with kaolin in sample YMK2. (g) Rhabdophane-(Nd) in

smectite and associated with fluorapatite in sample YMKG®6. (h) Rhabdophane-(Y) in

smectite and accompanied by fluorapatite in sample YMKG6. (i) Electron backscatter

diffraction pattern of rhabdophane-(Ce) in Fig. 5e, and (j) a corresponding calculated

pattern. Rhb-Y, rhabdophane-(Y), Rhb-La, rhabdophane-(La); Rhb-Ce,

rhabdophane-(Ce), Rhb-Nd, rhabdophane-(Nd); Cer, cerianite-(Ce); Mn-ox, Mn

(oxyhydr)oxide; Pl, plagioclase; Or, orthoclase; Bt, biotite; K1, kaolin; Sme, smectite;

Ap, fluorapatite. The kaolin minerals in Fig. 5 are probably halloysite.

Fig. 6. Rare earth patterns of average chemical compositions of (a) primary

REE-bearing minerals normalized by CI chondrite (McDonough and Sun 1995) and (b)

secondary rhabdophane normalized by CI chondrite and further normalized by La (scale

of the left vertical axis). The REE pattern of the parent rock (sample YMKZ7; scale of the

right vertical axis) and those of allanite-(Ce) of the parent rock and bulk sample YMK2

are added to Figs. 6a and 6b, respectively, for comparison. See text for the calculation of

the average chemical compositions. Because the LREE patterns of samples YMK?2 to

YMK 6 are similar (Fig. 4a), the REE pattern of only sample YMK2 is given in Fig. 6b
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to avoid complicated drawing. Some of the lines are unconnected because the
concentrations of the related REEs are under detection limits. Uncertainty bars represent
expanded uncertainties at a coverage factor of 1 in Fig. 6a and for allanite-(Ce) in Fig.
6b, and concentration dispersions of one standard deviation for secondary rhabdophane

in Fig. 6b.

Fig. 7. REEs fractional contributions of primary REE-bearing minerals to corresponding
REE:s of the parent rock. Data points not shown in the figure are data not detected or
under quantitative detection limits. See text for the calculation of the REE fractional
contributions of primary REE-bearing minerals. Uncertainty bars represent expanded

uncertainties at a coverage factor of 1.

Fig. 8. (a) Ratios of individual REEs between rhabdophane and allanite-(Ce), and
variations of (b) Ce/Ce” values of rhabdophane-(La), -(Ce), -(Nd) and -(Y) particles and
(c) Nd/La ratios of rhabdophane-(La), -(Ce) and -(Nd) particles. A data point in Fig. 8a
is obtained as follows: A ratio of XREE of allanite-(Ce) to that of rhabdophane (i.e.,
ratio of ZCp ree between the two minerals) is calculated first, a C,, ree value of the

rhabdophane is multiplied by the ratio of XREE, and then the obtained value is divided
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by a C, ree value of allanite-(Ce), and log(the final value) is plotted in the figure. See
equation (1) to calculate a C,, 7 value; Cp reg 1s Cpz where Z is an REE. See the caption
of Fig. 1 for Ce/Ce . Nd and La in Fig. 8c are the concentrations (wt%) of respective
elements. The data from weathered rocks, i.e., samples YMK2 and YMK4 (Fig. 1 and
Table 5) were used for the data points in Fig. 8c. The Nd/La ratios of rhabdophane-(Y)
are not given in Fig. 8c because its formation mechanisms are likely to be different from
those of the other types of rhabdophane (see the Discussion section). In Fig. 8a, bars
represent uncertainties of concentration dispersions of one standard deviation of
rhabdophane and if not given, the uncertainties are smaller than the symbol size; and in
Figs. 8b and 8c, they are not given for simplicity because the uncertainties are smaller

than or similar to the symbol size.

Fig. 9. Schematic drawing of LREE redistributions between secondary minerals and Ce
anomalies in bulk weathered layers during oxic weathering (see text for the three cases).
We only show one or two weathered layers of one weathering profile for simplicity. +,

positive anomaly; —, negative anomaly; 0, no anomaly.
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Table 1. Chemical compositions and informations of the bulk samples (wt% for major elements and mg/kg for trace elements).”

Sample YMK1 YMK2 YMK3 YMK4 YMKS5 YMK6 YMK?7
Depth 5.0m 10.4 m 19.2 m 25.0 m 29.0 m 31.0m Parent rock

Si0, (wt%) 73.59 +0.03 73.60 +0.03 74.72 +0.03 74.21 +0.03 74.69 +0.03 74.64 +0.03 72.73 +0.03
TiO, 0.16 +0.00 0.17 +0.00 0.14 +0.00 0.15 +0.00 0.12 +0.00 0.12 +0.00 0.19 +0.00
ALO; 14.45 +0.03 14.62 +0.03 13.90 +0.03 13.40 +0.02 13.26 +0.02 13.29 +0.02 13.96 +0.03
Fe,0;° 1.65 +0.00 1.88 +0.00 1.55 +0.00 1.73 +0.00 1.46 +0.00 1.50 +0.00 1.97 +0.00
MnO 0.02 +0.00 0.03 +0.00 0.02 +0.00 0.03 +0.00 0.03 +0.00 0.03 +0.00 0.03 +0.00
MgO 0.16 +0.00 0.16 +0.00 0.13 +0.00 0.16 +0.00 0.12 £0.00 0.13 +0.00 0.24 +0.00
CaO 0.67 +0.00 0.97 +0.01 1.47 £0.01 1.19 +0.01 1.54 +0.01 1.48 +0.01 2.16 £0.01
Na,O 1.63 +0.01 2.25 +0.01 3.05 +0.01 2.57 £0.01 3.05 +0.01 3.09 +0.01 3.27 +0.01
K,0 4.50 +0.01 4.64 +0.01 4.46 +0.01 4.58 +0.01 4.66 +0.01 4.71 £0.01 4.14 £0.01
P,05 0.013 +0.001 0.016 +0.001 0.017 +£0.001  0.019 +0.001  0.025 +£0.001  0.021 +0.001  0.038 +0.002
LOI* 291 +0.29 2.25 +0.23 0.96 +0.10 1.33 +0.13 0.36 +0.04 0.38 +0.04 0.41 +£0.04
Total 99.75 +0.05 100.60 +0.05 100.43 +0.05 99.36 +0.05 99.31 £0.05 99.38 +0.05 99.14 +0.05
CIA (%) 62.2 £0.0 58.2 £0.0 52.6 £0.0 54.2 £0.0 50.8 £0.0 50.8 £0.0 50.3 £0.0
Sc (mg/kg) 3.5 40.1 3.7 £0.1 2.8 0.1 3.3+0.0 2.4 0.0 1.9 +0.0 5.8 0.1
Ga 24.5 £0.7 26.8 £0.4 25.6 £0.5 25.0 £0.8 25.4 £0.8 23.5 £0.3 29.6 £0.7
Rb 139 £9 147 £9 134 +8 141 +£5 133 45 134 +8 129 £5
Sr 121 £3 151 +6 176 +4 171 £5 193 +6 187 +7 220 +5
Y 12.6 0.6 17.8 £0.6 14.9 £0.5 18.5 0.9 14.2 £0.7 15.5 £1.0 20.9 +£0.7
Zr 127 +5 154 £7 138 +7 124 +3 114 +5 138 £7 163 +6
Nb 5.9 £0.2 6.8 £0.4 5.3 +£0.2 6.3 £0.2 5.0 £0.2 4.8 £0.2 6.8 0.3
Cs 2.740.2 3.5 £0.1 3.1+0.2 3.0 0.1 2.4 +0.1 2.5 +0.1 2.8 £0.2
Ba 1,156 +27 1,253 +48 1,316 £74 1,248 +51 1,388 +48 1,262 +60 1,472 £31
La 28.4 1.5 42,0 £2.4 453 £2.3 38.0 £2.1 42.6 £1.5 39.9 £2.4 373 £1.9
Ce 98.6 £2.9 942 £5.5 89.8 £6.5 88.8 +4.3 89.5 +4.3 86.0 £5.6 77.0 £2.9
Pr 6.7 £0.3 9.5 £0.5 10.2 £0.7 9.1 0.5 9.5 +0.5 9.2 0.5 8.3 +0.3
Nd 24.8 £1.1 33.8 £1.8 37.5 £1.8 31.9 £1.6 33.8 £0.8 33.1 £1.7 30.1 £1.8
Sm 4.0 £0.4 53 +04 5.3 £0.5 5.1+0.3 5.1 £0.1 53 +0.3 4.9 +0.4
Eu 0.78 +0.05 0.84 +0.04 0.90 +0.07 0.87 +0.05 0.88 +0.03 0.85 +0.06 1.02 +0.04
Gd 32403 4.3 0.1 4.0 0.2 42+02 3.8+0.2 4.0 £0.2 4.1 £0.1
Tb 0.41 +0.04 0.55 +0.05 0.51 +0.05 0.60 +0.03 0.53 +0.02 0.52 +0.02 0.62 +0.04
Dy 2.5 0.1 3.4 £0.2 3.0 £0.2 3.4 £0.2 3.0 £0.2 3.0 £0.2 3.8 £0.2
Ho 0.50 0.02 0.68 0.04 0.58 0.02 0.70 0.04 0.58 0.03 0.62 0.06 0.77 0.04
Er 1.3 £0.1 1.8 £0.1 1.7 £0.1 2.0 £0.0 1.7 £0.1 1.8 £0.2 2.3 +0.1
Tm 0.19 +0.02 0.29 +0.03 0.24 +0.01 0.30 +0.02 0.23 +0.02 0.25 +0.03 0.31 +0.02
Yb 1.5 £0.1 2.1 £0.1 1.8 £0.1 2.0 £0.3 1.8 £0.1 1.9 £0.1 2.3 0.1
Lu 0.22 £0.01 0.30 +0.03 0.27 +0.02 0.31 +0.03 0.27 +0.02 0.27 +0.02 0.33 +0.02
Hf 39404 4.5 +0.4 4.140.3 4.0 £0.3 3.8 40.2 42+0.3 45403
Ta 0.45 +0.02 0.57 +0.06 0.49 +0.05 0.51 +0.04 0.42 £0.01 0.43 +0.03 0.56 +0.05
Th 12.2 £0.8 16.4 +1.5 13.2 £1.2 11.8 £1.1 14.1 £1.0 139 +1.3 11.3 £0.7
8] 1.3 £0.1 1.8 £0.2 1.1 £0.1 1.7 £0.2 1.5 £0.1 1.6 £0.1 1.5 £0.1
IREE® 189.1 £3.5 220.5 +6.3 218.7 £7.2 209.0 +5.1 209.9 +4.7 203.9 +6.4 199.9 +4.0
SLREE® 163.2 £3.5 185.7 +6.3 189.0 £7.2 173.8 £5.0 181.4 4.7 174.3 6.3 158.7 £3.9
THREE® 9.8 0.3 13.3£0.3 12.1 £0.3 13.5 £0.4 11.9 £0.3 12.3 £0.4 14.5 £0.2
Ce/Ce” " 1.73 +0.08 1.14 +0.08 1.01 +0.08 1.16 +0.07 1.08 +0.06 1.08 +0.08 1.06 +0.05
EwEu ' 0.68 +0.07 0.54 +0.03 0.59 +0.06 0.57 +0.04 0.60 +0.03 0.56 +0.04 0.69 +0.04

*Expanded uncertainties at a coverage factor of 1.

"Total iron as Fe,0;

°LOT: loss on ignition. We assumed an uncertainty of 10 % (e.g., Braun et al. 1998).
4CIA: chemical index of alteration {A1,05/(Al,05 + CaO + Na,O + K,0)}x100 (in moles) (Nesbitt and Young 1982).
°2REE: total rare earth elements; SLREE: total light rare earth elements; and THREE: total heavy rare earth elements.
fCe/Ce” = Cey/(LayxPry)"? and Ew/Eu” = Euy/(SmyxGdy)"? (REEy: REE concentration normalized by CI chondrite (McDonough and Sun

1995)).
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Table 2. List of REE-bearing minerals.

Mineral Ideal formula
Primary minerals Allanite-(Ce) (Ca,Ce)z(AleeH)[SizOﬂ[SiO4]O(OH)
Allanite-(Y) (Ca,Y),(Al,Fe*)[Si,0,][Si0,]O(OH)
Epidote Cay(Al,Fe*)[Si,0,][Si0,]O(OH)
Fluorapatite Cas(POy)sF
Ca- and Y-rich unidentified phase Unknown
Hornblende Ca,(Fe,Mg,Al)s(ALSi)30,,(OH),
Titanite CaTiSiOs
Xenotime-(Y) YPO,
Zircon ZrSi0,
Secondary minerals  Cerianite-(Ce) CeO,
Rhabdophane-(La) La(PO,) - H,O
Rhabdophane-(Ce) Ce(PO,) - H,O
Rhabdophane-(Nd) Nd(PO,) - H,0O
Rhabdophane-(Y) Y(PO,) - H,O
Y-rich unidentified phase Unknown
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Table 3. Average compositions (wt%) and chemical informations of primary REE-bearing minerals."

Allanite-(Ce)  Allanite-(Y) Epidote Xenotime-(Y)  Fluorapatite Zircon S:{dz::lif\i/é;‘;?\ase Titanite Hornblende
No. of 1 35 6 5 3 10 11 3 3 3
B,O; NAL NA. NA. NA. NA. NA. 15.0 +4.3 NA. NA.
Na,0 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 1.65 £0.03
MgO 047 +0.09 <0.02 <0.02 0.04 £0.07  <0.02 <0.02 <0.02 0.17 £0.08 3.63 £0.11
ALO; 1572 £0.10  21.29 £0.27  25.53 £0.37 0.29 £0.49 0.04 +0.02 <0.02 4.48 £0.34 5.97 £0.73 8.83 £0.12
Si02 32,61 £0.14 3438 £0.17  37.17 £0.20 6.75 £5.46 0.68 +0.08  34.19 =0.13 23.13 £1.21 30.61 £0.19 4231 =0.08
P,0s <0.06 <0.06 <0.06 2629 £4.79  39.76 +0.28 0.09 £0.03  <0.06 <0.06 <0.06
SO; <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
K0 <0.02 <0.02 <0.02 0.08 £0.07 0.09 +0.02 <0.02 0.15 £0.06 0.14 £0.07 0.65 +0.01
CaO 10.42 +0.06 13.89 £0.11 21.93 +0.74 0.53 £0.85  54.08 +0.17 <0.02 16.12 £0.49  26.05 +0.70 10.44 =0.10
TiO, 1.42 +0.08 0.17 £0.06  <0.11 <0.11 <0.11 <0.11 <0.14 £0.05 26.97 £1.38 0.98 +0.04
V,0; 0.04 +0.01 <0.02 £0.01 <0.02 £0.01 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 +£0.00
Cr,03 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
MnO 0.27 +0.01 0.64 +0.02 0.29 £0.04  <0.02 0.08 +0.00 <0.02 0.91 £0.19 0.11 £0.01 0.95 £0.03
FeO 14.28 +0.06 11.62 £0.23 8.18 +0.35 1.61 £1.57 0.45 +0.02 0.37 +0.02 0.93 +0.21 1.21 £0.12 27.74 £0.10
NiO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
SrO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
Y,0; 0.34 +£0.04 8.32 +0.50 1.23 +0.46 41.06 £5.78 0.67 +0.08 <0.06 24.87 £2.68 2.87 £0.82 0.21 +0.04
ZrO, <0.13 <0.13 <0.13 <0.13 <0.13 62.51 <0.13 <0.13 <0.13
La,0,4 547 £0.13 0.23 £0.09 <0.14 <0.14 <0.14 <0.14 <0.14 <0.14 <0.14
Ce,05 10.94 +0.15 0.87 £0.24 0.22 £0.11 0.33 £0.57 0.15 +0.05 <0.15 <0.15 <0.15 <0.15
Pry04 1.16 +0.04 0.19 £0.05 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
Nd,0; 4.16 +0.08 1.01 +£0.23 0.24 £0.11 0.34 £0.34 0.17 £0.02 <0.12 <0.12 <0.12 <0.12
Sm,05 0.55 +0.02 0.55 +0.08 0.13 +0.06 0.84 £0.15  <0.08 <0.08 0.31 £0.08 0.09 £0.03  <0.08
Eu,05 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Gd,04 0.28 +0.07 1.08 +0.06 0.24 +0.10 1.69 +0.46 0.12 £0.05 <0.08 0.72 £0.22 0.23 £0.08 <0.08
Tb,0; <0.08 <0.08 <0.08 0.36 £0.10  <0.08 <0.08 <0.18 £0.04  <0.08 <0.08
Dy,05 0.11 £0.01 1.32 +0.05 0.23 +0.09 4.23 +0.73 0.11 £0.01 0.04 +0.01 2.99 +0.09 0.41 £0.13  <0.04
Ho,05 <0.09 0.20 £0.02  <0.09 1.26 £0.13  <0.09 <0.09 0.93 £0.07  <0.09 <0.09
Er,04 <0.05 0.85 +0.06 0.11 +0.04 3.61 +0.47 0.06 +0.01 <0.05 2.60 +£0.34 0.30 £0.09  <0.05
Tm203 <0.05 0.13 +£0.01 <0.05 0.55 £0.13  <0.05 <0.05 0.41 £0.08 <0.07 <0.05
Yb,0; <0.05 0.64 +0.05 0.07 +0.03 432 £137 <0.05 0.07 +0.02 3.13 +0.62 0.29 £0.07  <0.05
Lu,0; <0.11 <0.11 <0.11 0.57 £0.22  <0.11 <0.11 0.450.11  <0.11 <0.11
HfO, N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. NA.
PbO <0.03 <0.03 <0.03 0.72 £0.22  <0.03 <0.03 <0.03 <0.03 <0.03
ThO, 1.22 +0.06 0.66 +0.19 0.19 +0.08 0.85 +1.13  <0.06 <0.06 <0.06 <0.06 <0.06
U0, <0.06 <0.06 <0.06 2.10 £0.91  <0.06 022 £0.06 <0.06 <0.06 <0.06
F <0.7 <0.7 <0.7 <0.7 3.10 +0.33 <0.7 <0.7 1.64 +£0.36 <0.7
-0O(=F,) 1.31 0.69 £0.15
Cl <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.02 £0.00
-0O(=Cl,) 0.00 +0.00
Total © 99.4 £0.4 98.1 £0.3 95.8 0.4 98.4 +0.4 98.3 £0.4 97.5 +0.4 97.5 +0.3 96.5 £0.3 97.4 +0.3
IREE 19.6 £0.2 12.7 0.5 2.0 +0.4 473 +4.8 1.0 £0.1 0.1 £0.0 29.3 £2.2 3.3 +0.7 0.2 £0.0
(Ce/Ce)en 105 £0.03  1.00 038  N.A. NA. N.D. N.D. N.D. N.D. N.D.
(Eu/Eu")ex <0.31 <0.16 <0.71 <0.10 N.D. N.D. N.D. N.D. N.D.
Mod. com. (x10%)° 809 +215 108 +29 6 +5 Trace 896 +47 328 +24 2 £2 27 +14 1114 +965

“Compositions by EMPA. Expanded uncertainties at a coverage factor of 1. Values of allanite-(Ce), allanite-(Y), epidote, fluorapatite, and zircon are weighed by the analyzed
areas to correct systematic errors induced by the compositional heterogeneity.

N.A.: not analyzed.

“Total adjusted for F and Cl in place of O.
9Mod. com.: modal composition of a mineral in the parent rock (wt%; see text for the details).
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Rhabdophane-(La)

Rhabdophane-(Ce)

Rhabdophane-(Nd)

Rhabdophane-(Y)

Cerianite-(Ce)

Y-rich unidentified phase

No. of sample
Na,O
MgO
AlO;
Sio,
P,05
SO,
K,O
CaO
TiO2
V,0,
Cr,04
MnO
FeO
NiO
SO
Y105
710,
La,04
Ce,03
Pr,04
Nd,0;
Sm,0;
Eu,05
Gd,04
Tb,0,
Dy,0;
Ho,05
Er,04
Tm, 05
Yb,0;
Lu,05
PbO
ThO,
uo,
Total
>REE
(Ce/Ce)en
(Ew/Eu)ey

10
<0.03
<0.03

0.56
0.74
29.01
<0.2

6
<0.03
<0.02

(0.1-1.0) 0.77
(03-12) 1.05

(28.2 -29.9) 30.47

<02

0.04 (< 0.02 - 0.07) 0.08

3.05
<0.11
0.03
<0.02
0.08
0.27
<0.03
<0.08
3.95
<0.13
18.61
7.26
5.09
18.14
3.15
0.11
1.81
<0.08
1.07
<0.09
0.39
<0.05
0.22
<0.11
<0.03
<0.06
<0.06
94.1
50.9
0.20
0.13

(2.5-3.6) 348
<0.11
(0.02 - 0.04) <0.02
<0.02
0.0-0.5)  0.10
0.0-0.7) 024
<0.03
<0.08
(32-47) 336
<0.13
(16.2-21.0) 14.24
(2.6-11.9) 18.14
(44-58) 3.62
(16.0-20.2) 13.24
(.7-36) 222
(0.06 - 0.16) < 0.04
(1.6-2.1) 134
<0.08
(09-1.3) 0.79
<0.09
(0.32-0.46) 031
<0.05
02-03) 021
<0.11
<0.03
<0.06
0.25
(92.0-96.3)  94.2
(46.0-55.8) 48.9
(0.05-0.34) 0.62
(0.08 - 0.18) <0.17

(<0.1-3.4)

(<0.07 - 3.4)

(28.2-32.7)

(0.06 - 0.10)
(2.9-4.1)

(0.1-0.1)
0.2-0.3)

(2.6-4.2)

(12.2-16.3)
(10.6 - 25.7)
(2.9 -4.4)
(10.3-16.2)
(1.5-2.9)

0.9-1.8)

(0.6 - 1.0)

0.2-0.4)

0.2-0.3)

0.2-0.3)
(90.0 - 98.4)
(41.6 - 56.2)
(0.50 - 0.73)

12
0.41
<0.04
2.27
4.54
25.79
<0.2
0.19
4.85
<0.11
0.04
<0.02
<0.04
1.47
<0.03
<0.08
5.07
<0.13
13.63
1.87
4.06
15.96
3.22
0.14
2.10
<0.08
1.27
0.09
0.88
<0.05
0.25
<0.11
<0.03
2.94
0.64
92.1
41.2
0.06
0.18

(0.0 - 3.0)
(<0.01 - 0.06)
(0.1- 4.4)
(0.7 - 8.4)
(23.7-27.9)

(<0.02-0.7)
(<0.02-12.2)

(<0.02-0.07)

(0.0-4.1)

(3.4-6.8)

(7.8-19.5)
(0.6-3.1)
(2.6 -5.5)

(11.0 - 20.9)
(2.3-4.1)
(0.1-0.2)
(1.5-2.8)

(0.85 - 1.69)
(0.02 - 0.16)
(0.0-2.3)

(0.2-0.3)

(<0.1-7.9)
(<0.1-1.4)
(86.2-98.1)
(34.0 - 48.3)
(0.03 - 0.09)
(0.11 - 0.25)

4
<0.03
<0.02

1.75 (0.7 - 2.9)
5.52 (0.3 - 10.8)
24.28 (23.5 - 25.0)

<0.2
<0.03

7.43 (4.2-10.7)

0.12 (<0.08 - 0.15

0.02 (0.02 - 0.03)

<0.02
<0.05

440 (3.3-5.5)

<0.03
<0.08
9.52
<0.13
5.30
0.65
2.23
9.86
3.03
0.15
2.74
N.A.
2.08
N.A.
0.87
<0.15
0.58
<0.11
<0.14

(6.1 - 13.0)

(4.2 -6.5)
(0.4-0.9)
(1.8-2.7)
(7.7-12.1)
(2.5-3.6)
(0.1-0.2)
(2.5-3.0)

(1.7-2.5)

0.5-1.2)

(0.2 - 1.0)

13.78 (9.2 - 18.4)

<0.23

95.2 (89.7 - 100.7)
31.4 (27.8-35.0)

0.16 (0.11 - 0.20)

3
<0.06
<0.04

4.07

4.95

4.88

<02
<0.07

1.46

NAS
N.A.
N.A.
2.80

0.82

N.A.
N.A.
<0.28
<0.13

0.29

64.22

<025

0.36
<0.14
<0.04
<0.14
<0.08
<0.14
<0.09
<0.03
<0.05
<0.03
<0.11
<0.04
<0.06
<0.04

(2.9-5.3)
(2.4-7.5)
(42-5.5)

(0.8-2.1)

(2.1-3.5)
(0.5-1.2)

(0.3-0.3)
(52.1-76.4)

0.2-0.5)

8
<0.45
<0.02

4.40
15.27
1591
<0.2

0.04

1.69

<0.11

0.69

<0.02

0.15

2.04

<0.03
<0.08
24.82

0.16

0.23

5.56

0.21

1.46

1.01

0.06

221

0.29

3.28

0.57

2.17

0.26

1.84

0.18

<0.03
10.71
0.29

83.8 (76.0-91.5) 96.1
55.4 (45.0-65.8) 36.1
0.04 (0.03-0.06) >57.4

N.A.

<18
<0.33

(1.1-7.7)
(7.0 - 23.6)
(11.5-20.3)

(0.02 - 0.06)
(0.4 -3.0)

(02-1.2)

(0.0 - 0.4)
(0.0 - 5.0)

(18.3-31.4)
(<0.13-0.3)
0.2-0.3)
(<0.1-11.3)
0.2-0.3)
(1.0-1.9)
0.8-1.2)
(0.04 - 0.08)
(1.8-2.6)
0.2-0.3)
(2.5-4.1)
(0.4-0.7)
(1.6-2.8)
(0.2-0.4)
(1.1-2.6)
(0.1-0.2)

(<0.1-23.8)
(<0.0-0.5)
(91.8 - 100.4)
(28.9 - 43.3)

*Compositions by EMPA. Concentration dispersions of one standard deviation are given in parentheses.
°N.A.: not analyzed.
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Table 5. REE-bearing mineral abundances.”

Sample (depth) Aln-Ce Aln-Y Ep FAp  Hbl Ttn Xen Zrmn CaY-u Cer Rhb-LaRhb-CeRhb-Nd Rhb-Y Y-u

YMKI (5.0 m) } - E—— P - -
YMK?2 (10.4 m) - - + e

YMK3 (192m)  ++ _ A . . N .

YMK4 (25.0 m) + - - ++ ++ ++ ++ ++

YMKS5 (29.0m)  ++ + + ; . . )
YMKG6 (31.0 m) ++ + + - 4t _ _ _ _

YMK7 (PR") ++ + - o - - ++ -

* The abundances of REE-bearing minerals were qualitatively estimated by their areas on backscattered electron micrographs.

++, common; +, minor; -, trace; blank, not found.
Aln-Ce, allanite-(Ce); Aln-Y, allanite-(Y); Ep, Epidote; FAp, Fluorapatite; Hbl, hornblende; Ttn, titanite; Xen, xenotime-(Y); Zrn, zircon; CaY-
u, Ca- and Y-rich unidentified phase; Cer, cerianite-(Ce); Rhb-La, rhabdophane-(La); Rhb-Ce, rhabdophane-(Ce); Rhb-Nd, rhabdphane-(Nd);
Rhb-Y, rhabdophane-(Y). ; Y-u, Y-rich unidentified phase
b

PR, parent rock.
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