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Abstract 15 

 Bioapatite is a predominant sink for rare earth elements (REE) in global deep-sea sediments, 16 

where the REE accumulate either via organic matter remineralization or Fe-Mn (oxyhydr)oxide 17 

dissolution. While the sequestration of REE into bioapatite has been extensively documented, the 18 

mechanistic pathways governing REE transfer from these carrier phases to bioapatite during 19 

diagenesis remain poorly constrained. This limits understanding of REE hyper-enrichment in 20 

deep-sea sediments, and impacts the reliability of REE signatures in bioapatite as 21 

palaeoceanographic tracers. In this study, we elucidate the mechanisms of REE hyper-enrichment 22 

from marine porewaters into bioapatite in the presence of Fe-Mn (oxyhydr)oxides and organic 23 

matter, using a combination of adsorption experiments integrated with micro-X-ray absorption 24 

fine structure (μ-XAFS), X-ray absorption near edge structure (XANES), and extended X-ray 25 

absorption fine structure (EXAFS) analyses. Results demonstrate that bioapatite can rapidly adsorb 26 

REE from a simulated porewater environment (equilibrium time < 1 h) via the formation of stable 27 

inner-sphere complexes. XANES and EXAFS evidence further reveals that these complexes are 28 

strongly coordinated by PO4
3− groups, as exemplified by Y3+ with well-defined coordination shells: 29 

Y-O (2.37 Å), Y-P1 (3.50 Å), and Y-P2 (3.71 Å), which maintains long-term REE retention in 30 

bioapatite. Furthermore, we show that organic matter regulates REE cycling through coupled 31 

direct and indirect pathways: (1) enhancing short-term REE adsorption onto bioapatite through 32 

complexation with C=O and O-H bonds, accounting for 79–94% of initial REE uptake; and (2) 33 

indirectly promoting long-term REE sequestration by driving the reductive dissolution of Fe-Mn 34 

(oxyhydr)oxides, which enhances the REE supply to porewaters for subsequent adsorption by 35 

bioapatite. We therefore propose that organic matter plays a central role in controlling REE hyper-36 

enrichment by coupling REE sources (organic matter and Fe-Mn (oxyhydr)oxides) with long-term 37 



 
 

retention in bioapatite during early diagenesis. This explains the spatial variability in REE 38 

enrichment observed across Pacific sediments, and establishes a refined framework for evaluating 39 

the early diagenetic alteration of REE signatures. 40 

 41 
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1. Introduction 45 

The demand for rare earth elements (REE) has increased over recent years, as they are 46 

required for high-technology development and the green energy transition (Elderfield and Greaves, 47 

1982; Haxel et al., 2002). To meet this growing demand, various potential REE sources are being 48 

explored. Traditionally, research on REE resources has focused on terrestrial deposits, such as 49 

carbonate-hosted (Anenburg et al., 2021; Yuan et al., 2024) and ion-adsorption deposits (Borst et 50 

al., 2020). In recent years, however, attention has gradually expanded beyond continental settings 51 

to marine environments. For example, continental shelves have been identified as potential REE 52 

resources (Pourret and Tuduri, 2017). In addition, deep-sea REE-rich muds (ΣREE > 400 ppm; 53 

Kato et al., 2011) have attracted increasing attention (Kashiwabara et al., 2018; Ohta et al., 2021). 54 

Within deep-sea REE-rich muds, Ca-phosphates (e.g., bioapatite-rich fossils and authigenic 55 

carbonate fluorapatite, CFA; Ren et al., 2022; Liao et al., 2025) and Fe-Mn (oxyhydr)oxides (e.g., 56 

micronodules; Kato et al., 2011) have been identified as the dominant carriers of REE (Fig. 1). 57 

Leaching experiments have shown that Ca-phosphates can account for approximately 70–90% of 58 

the total REE content of deep-sea muds, with bioapatite concentrations potentially reaching tens 59 

of thousands of ppm (Kim et al., 2022). However, fresh bioapatite is extremely REE-poor (< 3 60 

ppm; Labs-Hochstein and MacFadden, 2006) compared to fossil bioapatite (up to 30,000 ppm; Bi 61 

et al., 2021) in the deep-sea sediment record. This stark contrast between fresh and fossil bioapatite 62 

highlights the potential role of diagenetic processes in controlling REE uptake. 63 

Geochemical evidence suggests that the early diagenetic uptake of REE into bioapatite 64 

results from transfer of REE from carrier phases, in particular Fe-Mn (oxyhydr)oxides and organic 65 

matter (Deng et al., 2022). These mechanisms are generally conceptualized as a progression from 66 

initial surface adsorption to deeper structural integration, such as lattice incorporation (Liao et al., 67 



 
 

2019). Despite these advances, no study has directly examined how Fe-Mn (oxyhydr)oxides and 68 

organic matter regulate REE uptake into bioapatite at the molecular scale. 69 

The high REE content in bioapatite is mainly attributed to contributions from porewater 70 

(Toyoda and Tokonami, 1990), whereby high REE-enriched porewaters favour formation of REE-71 

rich bioapatite due to progressive diagenetic uptake of porewater REE (Bright et al., 2009). This 72 

process is controlled by the availability of REE in porewaters, which mainly relies on the amount 73 

of REE release from parental phases (Haley et al., 2004; Deng et al., 2017, 2022). In the shallow 74 

subsurface, while the high REE contents of porewaters are mainly sourced from the reduction of 75 

Fe-Mn (oxyhydr)oxides (De Baar et al., 1988) or the oxidation of organic matter (Freslon et al., 76 

2014), or both (Haley et al., 2004; Deng et al., 2022). When bulk samples are considered, the REE 77 

content of bioapatite exceeds that expected to accumulate by adsorption alone (Chen et al., 2015; 78 

Ijiri et al., 2018). Furthermore, given the characteristically low organic matter content in deep-sea 79 

sediments, the degradation of organic matter would appear insufficient to sustain the high REE 80 

porewater contents required for such enrichment (Haley et al., 2004). Consequently, direct 81 

experimental and microscopic evidence is required to elucidate how these phases drive REE hyper-82 

enrichment. 83 

Observations on skeletal material (e.g., fish teeth and bones) reveal that REE uptake into 84 

bioapatite is often associated with the degradation of internal organic matter within bioapatite 85 

tissues during early diagenesis (Tütken et al., 2008). Notably, bioapatite in deep-sea sediments 86 

typically exhibits low total organic carbon contents alongside exceptionally high REE 87 

concentrations (Dubinin and Rimskaya-Korsakova, 2011; Yu et al., 2021), while continental 88 

margin bioapatite and phosphorites have higher total organic carbon contents but yield 89 

significantly lower REE levels (Lécuyer et al., 2004). These observations suggest a significant 90 



 
 

correlation between organic matter removal and REE enrichment. However, it remains unclear 91 

whether organic matter degradation plays a role in facilitating REE enrichment. 92 

In this study, we provide a new mechanistic perspective on REE hyper-enrichment in 93 

Pacific Ocean sediments by explicitly linking porewaters, organic matter, and Fe-Mn 94 

(oxyhydr)oxides dissolution to long-term REE retention in bioapatite. To achieve this, we integrate 95 

adsorption experiments with micro-scale characterization approaches (μ-XAFS, XANES and 96 

EXAFS). 97 

 98 

2. Methods 99 

2.1 Samples and materials 100 

The teeth of Lophius piscatorius (monkfish) were obtained as frozen specimens from a 101 

commercial seafood market in Lianyungang, China. The large teeth of these deep-sea fish provide 102 

sufficient homogeneous material for precise sampling, with negligible initial REE content and 103 

serve as a suitable analogue for primary bioapatite prior to diagenetic modification. In addition, 104 

natural marine bioapatite (NAP) was obtained from deep-sea sediment collected from cruise DY-105 

41 of the Chinese R/V Hai Yang Liu Hao in the western North Pacific Ocean (159º46´E, 17º23´N), 106 

at a water depth of 5652 m (Fig. 1A). The REE concentration in this NAP sample ranges from 107 

2,500 to 33,000 ppm (averaging ~11,000 ppm; D. Li et al., 2023), which is suitable for XAFS 108 

analysis. Goethite and vernadite were selected as representative Fe-Mn (oxyhydr)oxides 109 

endmembers, representing contrasting Fe- and Mn-dominated adsorption behaviors that control 110 

REE scavenging and release (Liao et al., 2022). 111 

Fresh bioapatite samples were obtained by soaking fresh Lophius piscatorius teeth in 112 

deionized water for 1 day. The samples were transferred into centrifuge tubes and freeze-dried 113 



 
 

using a vacuum freeze-dryer (LGJ-50F) at −50℃ under vacuum conditions (<10 Pa) for 24 h. The 114 

centrifuge tubes were sealed with perforated Parafilm to prevent contamination during drying. The 115 

dried samples were then ground to 200 mesh in a ball mill. These powders are rich in organic 116 

matter (sample AP-1). To remove this organic matter, a portion of the powder was treated with 117 

30% hydrogen peroxide (H2O2) solution at 4℃, subsequently washed with alcohol and deionized 118 

water, and lyophilized (sample AP-2; Hyeong and Capuano, 2000; Jackson, 2005). The powder 119 

samples were then characterized by scanning electron microscope-energy–dispersive X-ray 120 

spectroscopy (SEM-EDS; Fig. 2) and X-ray diffraction analyses (XRD; Fig. S1), while total 121 

carbon (TC) contents were measured by isotope ratio mass spectrometry (IRSM, MAT 253 Plus). 122 

The apatite samples AP-1, AP-2 and HAP (hydroxyapatite from Macklin; Fig. S1) were then 123 

employed for the adsorption experiments and further analyses.  124 

Goethite (Fig. S1) was obtained from Sigma-Aldrich. Vernadite (Fig. S1) was synthesized 125 

via the oxidation of MnCl2 with KMnO4 in an alkaline environment (Li et al., 2024), whereby a 126 

mixed solution of KMnO4 and NaOH was reacted with MnCl2, stirred for 12 h and then left to 127 

stand for 4 h. The synthesized vernadite was subsequently separated by suction filtration and was 128 

purified via washing with 1 M NaCl and deionized water, followed by freeze-drying and grinding 129 

for further use. 130 

For microanalysis, representative bioapatite (AP-1 and NAP) was mounted in resin and 131 

ground using a series of silicon carbide papers (from 200 to 20,000 grit) to expose the axial cross-132 

sections. This procedure yielded a planar geometry, effectively removing the surface relief for 133 

subsequent measurements. 134 

 135 

2.2 Adsorption experiments 136 



 
 

Adsorption experiments followed established methods (Schmitt et al., 2023; Liang et al., 137 

2024). The background electrolyte was 0.5 M NaNO3 to simulate the ionic strength of marine 138 

porewaters, consistent with protocols for REE uptake in marine Fe oxide and phosphate systems 139 

(Ohta and Kawabe, 2000; Liang et al., 2024). NaNO3 was chosen because NO3
− is weakly 140 

coordinating, minimizing solution-phase REE complexation and thereby isolating uptake driven 141 

by bioapatite (Millero, 1992). A stock solution of REE was prepared by using 0.5 M NaNO3 to 142 

dilute a multi-element standard solution of REE (1000 ppm of each REE in 5% HNO3) from 143 

Aladdin Biochemical Technology Co., Ltd. 144 

The adsorption experiments were carried out in 50 mL Corning centrifuge tubes at room 145 

temperature (25℃), as follows: 1) 45 mL of 0.5 M NaNO3 was added to a centrifuge tube; 2) 1.4 146 

mM of NaHCO3 was added to one centrifuge tube to replicate the carbonate concentration of 147 

marine porewaters (Ohta and Kawabe, 2000), while a second centrifuge tube had no NaHCO3 148 

added; 3) a stock solution of REE was added to obtain 15 ppb (each REE), which was selected to 149 

provide ample signal for ICP-MS measurement and provide similar concentrations to REE-150 

enriched porewaters, and to ensure chemical undersaturation; 4) to avoid localized over-saturation 151 

and subsequent REE-hydroxide formation, REE were introduced into a slightly acidic electrolyte 152 

(Ohta and Kawabe, 2000) before adjusting the pH to 7.1 (using < 30 μL of 0.05 M NaOH or 0.05 153 

M HNO3). This target pH prevents both bioapatite dissolution and REE precipitation, with the final 154 

volume fixed at 50 mL; 5) the prepared solutions were left overnight, prior to the adsorption 155 

experiments being performed. The above steps were performed in an ultra-clean laboratory 156 

(ambient air) and an anaerobic glove box (Ar: 98%; H2: 2%) to isolate the influence of atmospheric 157 

CO2. By comparing the results from these two settings, we can distinguish between surface 158 



 
 

adsorption and CO2-induced carbonate precipitation. This methodology ensures that the observed 159 

REE sequestration is driven primarily by adsorption rather than mineral precipitation. 160 

Before kinetic studies, the effect of pH on REE adsorption was investigated (pH 1.71–7.28; 161 

ambient atmosphere). 5 mg of bioapatite was added to 50 mL of 15 ppb REE solution (equivalent 162 

to a mass/volume ratio of 0.1 mg/mL). Subsequently, kinetic experiments were conducted using 163 

the same mass/volume ratio for AP-1 and AP-2. All kinetic experiments were performed in 164 

duplicate to ensure the reproducibility of data. The mixture was constantly shaken to ensure 165 

complete contact. Reaction solutions (with bioapatite powder added) were incubated on a shaking 166 

table for 1 h, and filtered water samples were collected at 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 40, 167 

50 and 60 mins. To isolate the influence of pH on adsorption kinetics, the pH of the suspension 168 

was strictly monitored and maintained at 7.1 via the addition of small volumes of dilute HNO3 or 169 

NaOH. This regulation ensured a stable thermodynamic environment and constant proton 170 

concentration throughout the adsorption process. 171 

Water samples were filtered using a MillexGP 0.22 μm filter and a sterile syringe. The 172 

filtrate was subsequently diluted 60–110 times with 2% HNO3 and was analyzed on an Agilent 173 

ICP-MS 7700 (inductively coupled plasma mass spectrometer) equipped with an Agilent ASX-174 

500 auto-sampler. Procedural blanks, certified reference standards and laboratory duplicates were 175 

processed alongside the samples. REE recovery ranged from 88% to 102%, with the relative 176 

standard deviation consistently below 5%. Despite dilution, the final concentrations remained 177 

significantly above instrumental detection limits (0.0001–0.0105 ppb), ensuring high signal-to-178 

noise ratios. The adsorption ratio was calculated from the total amount of REE adsorbed by the 179 

sample and the REE concentration of the initial solution, as follows: 180 

Adsorption ratio(%)  =  amount of REE adsorbedamount of REE initial  × 100 181 



 
 

Based on the REE concentrations in each phase, the partition coefficient, Kd, between the 182 

solid and liquid phase was calculated as follows (Koeppenkastrop and De Carlo, 1992): 183 

𝐾𝑑 = conc. REE solid phase (ppb)conc. REE liquid phase (ppb) 184 

 185 

2.3 Desorption experiments 186 

Some solid residues were recovered after the adsorption experiments (detailed in section 187 

2.2) and were used for REE desorption experiments. A two-step desorption experiment was carried 188 

out on these REE-adsorbed samples. First, 10.0 mM of sodium acetate (CH3COONH4) solution 189 

was added followed by 2.0 mM of disodium ethylenediamine tetraacetate (EDTA-2Na) solution, 190 

to sequentially extract adsorbed REE from the samples. In general, CH3COONH4 leaches ions 191 

fixed on the samples via surface exchange, while the EDTA-2Na ligand exhibits strong chelation 192 

and is commonly used to remove adsorbed metal ions from various materials (Xu et al., 2016; Qin 193 

et al., 2021). The residual phase after EDTA-2Na extraction might be related to the REE 194 

transitioning from being easily leachable to a more stable binding state (Li et al., 2024). While this 195 

bulk approach does not distinguish between surface adsorption and lattice substitution, it serves as 196 

a proxy for the stability of the REE binding modes. The percent desorption was calculated as: 197 

Desorption ratio(%)  =  amount of REE desorbedamount of REE sorbed  × 100 198 

 199 

2.4 Migration and leaching experiments 200 

To prepare the REE-adsorbed mineral phases, REE were adsorbed onto goethite and 201 

vernadite (~30 mg in 500 mL of ~100 ppb REE solution) under the same conditions as the batch 202 

adsorption experiments (pH 7.1 and IS = 0.5 M NaNO3). These mixtures (mass/volume ratio ≈ 203 



 
 

0.06 g/L) were shaken for 24 h to ensure adsorption equilibrium, as goethite and vernadite reach 204 

steady state within 24 h and 10 h, respectively (Liang et al., 2024; Ohta and Kawabe, 2001). REE 205 

adsorption from the supernatant was then quantified via ICP-MS (average REE adsorption ratio: > 206 

99% for vernadite and ~ 48% for goethite), where the REE-adsorbed solids were separated from 207 

the final suspension with a membrane filter (0.22 μm), then rinsed with deionized water and freeze-208 

dried for subsequent migration experiments. 209 

Chemical leaching can quantitatively assess the specific contribution ratio of different 210 

mineral components to the total REE in the sediment. To assess the proportion of REE migrating 211 

from Fe-Mn (oxyhydr)oxides to bioapatite, mixed samples were prepared by 5 mg of organic-rich 212 

bioapatite with 5 mg of REE-adsorbed vernadite or goethite in 0.5 M NaNO3 (pH = 7.1). These 213 

mixtures were left to react in an anaerobic chamber for 10 days and then freeze-dried. The leaching 214 

of REE within bioapatite was as follows (Liao et al., 2022): Mixed samples were shaken with 20 215 

mL of 1 M acetic acid/Na-acetate buffer (pH = 4.5) for 24 h, then centrifuged at 4000 rpm for 10 216 

min. The supernatant was filtered using a 0.22 μm filter and syringe and then diluted with 2% 217 

HNO3 for REE analysis using an Agilent ICP-MS 7700. 218 

 219 

2.5 XRD, SEM and IRSM analyses 220 

XRD analyses were determined on a Rigaku Rapid II X-ray diffraction instrument in the 221 

School of Marine Sciences, Sun Yat-sen University (SYSU), at 50 kV and 30 mA with Mo Kα 222 

radiation, and at a scan rate of 1°/s with a 0.02° step. The obtained images were converted to 2θ 223 

versus intensity patterns using Rigaku’s 2DP software. Finally, the PDXL software was used for 224 

data processing and mineral identification. 225 

Microscale observations were performed at SYSU with a TESCAN MIRA Field Emission 226 

SEM coupled with a Bruker XFlash 6160 energy dispersive spectroscopy (EDS) detector. The 227 



 
 

samples (bioapatite before and after the adsorption experiments) were fixed on the sample stages 228 

with conductive tapes, then coated with platinum. The analysis beam voltage and current were set 229 

as 15 kV and 1 nA, respectively. Images were collected in SE or BSE mode by scanning for 95 s 230 

with a resolution of 1024 × 1109 pixels. 231 

Total carbon contents were measured by IRSM using a MAT 253 Plus at SYSU. A soil 232 

standard (Peat) sample with a carbon-certified value of 15.95 wt% was employed as the standard 233 

sample. 234 

 235 

2.6 FTIR analyses 236 

To obtain REE-adsorbed apatite samples for the Fourier transform infrared spectroscopy 237 

analysis (FTIR), experiments were conducted following the batch adsorption procedures described 238 

in Section 2.4. To ensure the REE concentration in the solids reached the detection threshold (> 1 239 

wt%), a low mass/volume ratio was employed (0.02 g/L; 10 mg of sorbent in 500 mL of REE 240 

solution). Three series of adsorption experiments were conducted for both AP-1 and HAP 241 

substrates: one multi-element set (initial concentration of ~14 ppb for each REE), and two single-242 

element sets (initial Nd and Y concentration of ~200 ppb each) representing LREE and HREE, 243 

respectively (Table S1). The REE-adsorbed apatite sample (~1 wt%) was then verified by ICP-MS 244 

analysis of the supernatant to ensure sufficient REE concentration in the apatite for FTIR 245 

characterization. 246 

FTIR analysis was conducted using a Nicolet 6700 spectrometer equipped with a 247 

Continuum microscope at the Instrumental Analysis and Research Center at SYSU. For sample 248 

preparation, finely ground samples were mixed with KBr at a 1:80 ratio and then pressed into 249 

transparent slices. Measurements were recorded in transmission mode over a wavenumber range 250 

of 400 to 7500 cm−1, at a resolution of 0.09 cm−1 and a signal-to-noise ratio of 5000:1, using a 251 



 
 

triglycine sulfate (DTGS) detector. All data were recorded as absorbance spectra. To ensure 252 

accuracy, background scans were conducted before each measurement to automatically correct for 253 

atmospheric CO2 and H2O interference, and baseline corrections were applied using the OMNIC 254 

software. 255 

 256 

2.7 μ-XRF mapping 257 

The μ-XRF mapping was performed on polished axial cross-sections of the NAP fossil to 258 

represent the diagenetic end-state, as short-term experiments cannot capture REE uptake occurring 259 

on longer timescales. The mapping of the marine bioapatite was performed at the soft X-ray micro 260 

characterization beamline (SXRMB) and the very sensitive elemental and structural probe 261 

employing radiation from a synchrotron (VESPERS) at the Canadian Light Source (CLS) 262 

synchrotron. The beamline is an undulator beamline with a Si (111) monochromator 263 

(monochromator energy: 17111.56 eV), with an energy resolution (∆E/E) of 10−4 at 6215 eV. The 264 

fluorescence detector (1-el XMap Vortex) distance to the sample was 20.0 mm, and the sample 265 

was spatially scanned by a step size of 2.0 μm (horizontal, H) × 2.0 μm (vertical, V), using pulse 266 

motors. The intensity of the incident X-ray was measured using an ionization chamber filled with 267 

N2. The X-ray was detected at each point with a dwell time of 2.0 s. The measurements were 268 

carried out under ambient conditions. 269 

 270 

2.8 μ-XAFS measurement 271 

μ-XAFS measurements of the NAP fossil were performed at the CLS under the same 272 

experimental conditions as μ-XRF mapping. High REE loading in this sample was required to 273 

meet the spectroscopic detection limits. The Nd L3-edge XANES analyses were performed with 274 

Si (111) crystal monochromators at the SXRMB beamline, and the Nd L3-edge XAFS spectra of 275 



 
 

the sample were collected in fluorescent mode at room temperature. The Y K-edge EXAFS 276 

analyses were performed at the VESPERS beamline, and the XAFS spectra were collected in 277 

fluorescent mode. Negligible changes in the line shape and peak position of Nd L3-edge XANES 278 

spectra and Y K-edge EXAFS spectra were observed between multiple scans taken from the 279 

sample. Spectral analysis was carried out with the XAFS analysis software Athena and Artemis 280 

(Ravel and Newville, 2005). Athena was used for all the main steps in data processing, including 281 

conversion of raw data to μ(E) spectra, background subtraction, and Fourier transformation. 282 

Artemis carried out curve fitting analysis in R space. The number of Y adjacent atoms, the distance 283 

between Y and adjacent atoms, and the Debye-Waller factor of marine bioapatite and reference 284 

materials were calculated by curve fitting analysis. 285 

 286 

2.9 Diffusion-limited mass-balance modelling 287 

To evaluate the physical feasibility of REE hyper-enrichment in bioapatite, a diffusion-288 

limited mass-balance model was developed to integrate the intrinsic adsorption capacity observed 289 

in laboratory experiments with the physical flux constraints in sedimentary microenvironments. 290 

This modelling explicitly distinguishes between the surface-saturation regime, which characterizes 291 

the near-instantaneous adsorption kinetics observed in our batch experiments ( 𝑘2 =292 0.0183 g ⋅mg−1 ⋅min−1), and the supply-limited regime that governs long-term enrichment on 293 

geochemical timescales. Since surface equilibration is reached within approximately 30 mins in 294 

laboratory experiments, the supply-limited regime is invoked as appropriate for calculating 295 

enrichment durations. This choice accounts for the shift in the rate-limiting step from surface 296 

reaction kinetics in batch settings to the physical replenishment of REE via porewater diffusion in 297 

natural environments. 298 



 
 

The enrichment duration (𝑡) required to reach a target REE inventory (𝑀req) is estimated 299 

using a diffusion framework derived from Fick’s First Law, where the supply rate is defined by 300 

the effective sediment diffusivity (𝐷eff), the total reactive surface area (𝐴tot), and the concentration 301 

gradient across a characteristic diffusion length (L). The mass-balance is formulated as (Berner, 302 

1980; Burdige, 2007): 303 

𝑡 = 𝑀req𝐿𝐷eff𝐴tot(𝐶∞ − 𝐶𝑠) 304 

where 𝐶∞ represents the bulk porewater REE concentration and 𝐶𝑠 denotes the concentration at 305 

the mineral-water interface. Idealized boundary conditions were adopted, assuming a constant bulk 306 

concentration 𝐶∞ and taking 𝐶𝑠 ≈ 0 to represent the maximum potential concentration gradient. 307 

All transport parameters and boundary conditions utilized are detailed in Table S2. This approach 308 

ensures that the timescales of long-term REE build-up are explicitly distinguished from short-term 309 

adsorption kinetics. Accordingly, this model is intended to provide first-order constraints on 310 

enrichment timescales, rather than a full reactive-transport simulation. 311 

 312 

3. Results 313 

3.1 Morphology and structure of bioapatite 314 

Leaching experiments confirmed that the surfaces of initial apatite samples (e.g., AP-1, 315 

AP-2 and HAP) contained no adsorbed REE (Supplementary Data 1). Analysis by artifacts, LA-316 

ICP-MS further confirmed negligible REE concentrations in the internal matrix of the fresh fish 317 

teeth (below detection limits; Supplementary Data 2). These results demonstrate that fresh 318 

bioapatite has a very low initial REE abundance. Therefore, both the rapid REE uptake and the 319 

high REE concentrations in natural bioapatite fossils are interpreted to originate from external 320 

sources. 321 



 
 

Compared to the original AP-1 powder, SEM-EDS and XRD analyses of treated AP-2 322 

showed significant enamel damage and exposed porous dentine (Fig. 2), with EDS mapping and 323 

total carbon analysis (16.64 wt% in AP-1 vs. 11.70 wt% in AP-2) confirming the partial removal 324 

of organic components. Combined with XRD (Fig. S1) and FTIR (Fig. S2) evidence revealing that 325 

the mineral framework and lattice-bound carbonate remained stable, the lower total carbon content 326 

in AP-2 is interpreted to reflect the partial removal of labile carbon-bearing organic components 327 

during H2O2 treatment (Crowley and Wheatley, 2014). The absence of a pronounced decrease in 328 

the C=O band is attributed to the partial removal of organic components, which is consistent with 329 

the high residual carbon content in AP-2. Furthermore, SEM morphological analysis showed the 330 

bioapatite is stable after REE adsorption, with no discernible surface recrystallization or secondary 331 

precipitation (Fig. S3). This indicates that REE sequestration was primarily governed by surface 332 

adsorption rather than mineralogical transformations. 333 

 334 

3.2 Adsorption behavior 335 

The adsorption behavior of REE onto bioapatite is characterized by rapid kinetics and 336 

strong pH dependence, and is significantly influenced by the presence of organic matter (Fig. 3; 337 

Supplementary Data 3).  338 

1) Adsorption kinetics: REE adsorption occurred rapidly, reaching equilibrium within 15–339 

30 mins (Fig. 3). Notably, the presence of organic matter in bioapatite (AP-1) accelerated REE 340 

uptake relative samples with organic matter removed (AP-2), even under varying bicarbonate-341 

buffered conditions (HCO3
− = 0–1.4 mM; Figs. S4–S6). Adsorption kinetics were investigated 342 

under strictly anaerobic conditions (Revellame et al., 2020), with model selection performed using 343 

the corrected Akaike Information Criterion (AICc), where ∆𝐴𝐼𝐶𝑐 = 𝐴𝐼𝐶𝑐𝑖 − 𝐴𝐼𝐶𝑐𝑚𝑖𝑛. For AP-1, 344 



 
 

the pseudo-second-order (PSO) model provided the most best fit (∆𝐴𝐼𝐶𝑐 = 0), significantly 345 

outperforming the pseudo-first-order (PFO) model (∆𝐴𝐼𝐶𝑐 = 32.8; Fig. 3A and Table S3). The 346 

resulting rate constant, k2, was 0.0183 ± 0.0009 g⋅mg−1⋅min−1 (R2 = 0.999; n = 2). By contrast, 347 

adsorption kinetics for AP-2 were better described by the PFO model ( ∆𝐴𝐼𝐶𝑐 = 0  vs. PSO 348 ∆𝐴𝐼𝐶𝑐 = 14.8, Fig. 3B), yielding a k1 of 0.107 ± 0.007 min−1 (R2 = 0.986; n = 2). These results 349 

demonstrate that REE uptake by bioapatite is rapid, with organic matter significantly enhancing 350 

adsorption kinetics. 351 

2) Desorption behavior: Desorption experiments were conducted to assess the stability of 352 

REE associated with bioapatite. The average extraction efficiencies for individual REE (La–Lu) 353 

via CH3COONH4 were minimal (< 2%), whereas 55–74% of total REE were extracted by EDTA-354 

2Na solution (Supplementary Data 4). These contrasting efficiencies indicate a strong and stable 355 

association between REE and bioapatite, consistent with those calculated by Visual MINTEQ ver. 356 

3.1 (Supplementary Data 5; Gustafsson, 2018). 357 

3) pH dependence: REE adsorption onto bioapatite exhibited strong pH dependence (Fig. 358 

3C). Under atmospheric conditions, the adsorption ratio increased sharply from ~5% at pH < 3 to 359 

a plateau of ~99% at pH > 4 (Supplementary Data 6). In the blank experiments (without samples), 360 

a significant decrease in aqueous REE concentrations was observed at pH > 4, accompanied by 361 

the formation of a visible white precipitate. This indicates that REE precipitation contributes to 362 

apparent removal at elevated pH. 363 

To isolate the adsorption behavior from precipitation effects, further experiments were 364 

conducted in a CO2-free glove box (Ar: 98%; H2: 2%) to simulate porewater conditions (pH ~7). 365 

Under these CO2-free conditions, no REE precipitation was observed even at pH 6.8 to 7.2, 366 

indicating that the solids previously observed in ambient air were REE-carbonates induced by CO2 367 



 
 

availability. Consequently, a pH of 7.1 in a CO2-free environment was selected for subsequent 368 

experiments (I ≈ 0.5 M; carbonate: 0 mM) to ensure that REE removal was driven solely by 369 

adsorption. This setup is consistent with previous studies (Gorman-Lewis et al., 2005; 370 

Ramazanova et al., 2025) and effectively maintains ~99% removal efficiency, while interference 371 

from REE precipitation or bioapatite dissolution is minimal. 372 

 373 

3.3 Migration characteristics of REE adsorbed by Fe-Mn (oxyhydr)oxides to bioapatite 374 

In simulating early diagenetic conditions, REE enrichment in bioapatite demonstrated a 375 

strong dependence on organic matter content. First, a significant positive correlation was observed 376 

between the organic matter content and final REE concentrations within the bioapatite (Fig. 4A), 377 

reflecting a higher capacity to capture REE in organic matter-rich samples. Second, during the 10-378 

day reaction between organic matter-rich bioapatite (initially no adsorbed REE) and REE-adsorbed 379 

Fe-Mn (oxyhydr)oxide (Supplementary Data 1), the migration of REE to the bioapatite phase was 380 

confirmed via leaching experiments. To isolate the contribution from internal organic matter, the 381 

migration data were baseline-corrected using organic matter-free hydroxyapatite control groups 382 

(Fig. 4B; Supplementary Data 1). Concurrently, dissolved Mn was detected in the supernatant 383 

(Supplementary Data 1), which is consistent with the reductive dissolution of Mn oxides via 384 

reaction with organic matter (Ye et al., 2025). This process facilitated the release of REE from the 385 

oxides and their subsequent accumulation in bioapatite (Fig. 4B). Notably, the extent of this REE 386 

migration was also positively correlated with the organic matter content of bioapatite. 387 

 388 

3.4 FTIR analyses of bioapatite before and after adsorption experiments 389 



 
 

FTIR spectra of AP-1 and HAP exhibit high consistency before and after adsorption to Nd, 390 

Y and total REE (Fig. 5). Both the initial and treated samples display the characteristic bands of 391 

the amide vibration region, the organic O-H band, and phosphate (PO4) vibrations, with highly 392 

consistent spectral profiles maintained across all groups (Figs. 5A and C). Compared with the 393 

initial samples, the treated samples show only minor fluctuations in band intensities, accompanied 394 

by subtle yet systematic peak-position shifts (Figs. 5B and D). Although small, these shifts 395 

consistently exceed the instrumental resolution (0.09 cm−1). These systematic shifts, occurring 396 

under controlled experimental conditions and using homogeneous starting materials, indicate that 397 

the vibrational states of the functional groups were affected by REE adsorption. 398 

 399 

3.5 μ-XRF and μ-XAFS analyses of bioapatite 400 

μ-XRF mapping of the NAP fossil reveals that Nd and Y are primarily concentrated within 401 

the bioapatite interior (Figs. 6C and D; Fig. S7), confirming REE incorporation into the structure 402 

rather than remaining restricted to the surface over geological timescales. Due to the spectral 403 

overlap of the Nd L3-edge with neighboring Ce and Pr, Y was selected as a proxy to enable precise 404 

EXAFS coordination analysis of the REE group (particularly HREE), as Y is free from spectral 405 

overlaps. 406 

The Nd L3-edge and Y K-edge XANES spectra of bioapatite are similar to those of the 407 

Nd2O3 and Y2O3 standards (marked by blue dashed lines in Figs. 6E and F), showing that Nd and 408 

Y are present as trivalent cations. Further structural details from Y EXAFS radial structural 409 

functions (RSFs: phase shift uncorrected) exhibit three distinct coordination shells between 1.0 Å 410 

to 4.0 Å (Figs. 6G and H; see parameters in Table 1). 411 



 
 

The first coordination sphere (Y-O shell; CN ≈ 8) is consistent with characteristic HREE-412 

O coordination (Habenschuss and Spedding, 1979). The Debye-Waller factor (𝜎2) reflects the 413 

static disorder from inner-sphere complexes, where hydrated Y3+ ions share oxygen atoms with 414 

the solid surface (Yamaguchi et al., 1988). Crucially, the Y-P1 and Y-P2 shell distances correspond 415 

to the P=O → Y-O-P linkages and other phosphate-associated REE forms. These results confirm 416 

that Y primarily binds to the phosphate sites within bioapatite. 417 

 418 

4. Discussion 419 

4.1 Two-stage REE sequestration in bioapatite from initial adsorption to stable coordination 420 

 The rapid adsorption of REE by bioapatite, starting from REE-free fresh bioapatite (see 421 

Section 3.1), provides critical insight into REE enrichment during early diagenesis in marine 422 

environments. At initial concentrations of 15 and 100 ppb, the adsorption ratio exceeded 99% 423 

within 30 mins (Figs. 3A and B; Fig. 4A). Notably, increasing the initial concentration further 424 

reduced the equilibrium time to 15 mins (e.g., AP-2; Fig. 3B and Fig. 4A). These rapid adsorption 425 

kinetics are comparable to that of abiotic hydroxyapatite (Gad and Youssef, 2018), possibly due 426 

to a similar crystal structure (Fig. S1). Given the stability of the bioapatite structure (Fig. S3) and 427 

the absence of significant Ca2+ release (Fig. 3C), formation of new adsorption sites and ion 428 

competition are unlikely drivers for this kinetic acceleration. Instead, the acceleration may be 429 

primarily driven by the enhanced concentration gradient, promoting faster diffusion of REE ions 430 

into internal sites. This trend is consistent with heavy metal adsorption (e.g., Patel, 2020). Such 431 

rapid REE adsorption from porewater provides a plausible explanation for the enrichment 432 

(increasing from < 1 ppm to 3–4 orders of magnitude higher) observed in fossil bioapatite within 433 

c–10 kyr after burial (Finlay et al., 2013).  434 



 
 

 The adsorption of REE by bioapatite is irreversible (i.e., showing no significant desorption) 435 

under simulated porewater conditions (pH 7.1; I ≈ 0.5 M; carbonate 0–1.4 mM). The desorption 436 

ratio was negligible (< 1.1%) when leached by CH3COONH4, whereas 55–74% of the adsorbed 437 

REE were extracted by EDTA-2Na (Supplementary Data 4). The minimal release in CH3COONH4 438 

indicates that REE retention is not driven by reversible outer-sphere complexation. By contrast, 439 

significant leaching by EDTA-2Na suggests that REE are mainly immobilized via inner-sphere 440 

complexes, rather than outer-sphere complexes or precipitation (Qin et al., 2021; Liang et al., 441 

2024). This is consistent with adsorption kinetic results (e.g., for AP-1, the PSO model is uniquely 442 

supported; Table S3). FTIR spectra further support this, maintaining broadly similar characteristics 443 

after REE treatment with subtle and systematic peak shifts in the C=O and PO4
3− bands (Fig. 5; 444 

Eischens and Pliskin, 1958; Grunenwald et al., 2014; Marques et al., 2021). HAADF-STEM 445 

imaging and EDS mapping were also conducted on the REE-adsorbed AP-1 powder (see 446 

Supplementary Information). The REE show a relatively uniform distribution across the bioapatite 447 

surface at the nanometer scale (Figs. S8–10) while EDS spectra further confirm the existence of 448 

REE. While these observations clarify the initial mechanisms of REE sequestration, the short 449 

experimental duration is insufficient to replicate long-term diagenetic processes. 450 

 To further understand the final occurrence state of REE over geological timescales, 451 

spectroscopic characterization was conducted on natural marine bioapatite as a representative 452 

endmember. As expected, XANES spectra of the NAP fossil confirm that Nd and Y are 453 

sequestered in their trivalent states (Figs. 6E and F), providing a basis for subsequent EXAFS 454 

structural analysis. Building upon this, the EXAFS data characterize the local coordination 455 

environment of REE, including a primary Y-O shell at 2.37 Å alongside two distinct Y-P 456 

coordination shells at 3.50 Å and 3.71 Å (Figs. 6G and H; Table 1). These structural features align 457 



 
 

with those reported for apatite (Kashiwabara et al., 2018), demonstrating that the inner-sphere 458 

phosphate complexation represents the predominant retention mechanism for long-term REE 459 

retention in bioapatite. Notably, the similarity between the interatomic distance of observed Y-O 460 

(2.37 Å) and that of Ca-O (2.29–2.43 Å) suggests the REE structurally ordered in the apatite matrix. 461 

This interpretation is also consistent with previous HAADF-STEM observations in fossil 462 

bioapatite (Liao et al., 2019). Since substituting divalent Ca2+ with trivalent REE3+ necessitates 463 

charge balance, this incorporation is stabilized by three possible coupled substitutions. Given the 464 

sodic nature of the porewater environment, REE3+ + Na+ ↔ 2Ca2+ and REE3+ + O2− ↔ Ca2++ OH− 465 

(Anenburg et al., 2024) may represent a key pathway, while REE3+ + Si4+ ↔ Ca2+ + P5+ (Liao et 466 

al., 2019) may also contribute to the REE uptake. Notably, carbonate and silica can balance the 467 

charge through a coupled substitution (SiO44-  + CO32-  ↔ 2PO43-), and their combined presence 468 

enhances the substitution of both (Anenburg et al., 2025). The resulting crystal structure defects 469 

could then enable the REE enrichment observed in carbonate-rich bioapatite fossils. We thus 470 

propose that REE enrichment in bioapatite follows a two-stage process: rapid adsorption 471 

dominates the initial REE uptake, while long-term enrichment depends on subsequent structurally 472 

stable coordination into the apatite lattice during diagenesis. This transition from surface 473 

adsorption to structural incorporation may require mineral recrystallization and dissolution-474 

reprecipitation (Qin et al., 2021; Kral et al., 2022), consistent with evidence that diagenesis 475 

modifies the apatite lattice through ionic substitution (Keenan et al., 2015). The extent of this 476 

transition is likely controlled by both kinetic (e.g., reaction time and recrystallization extent) and 477 

chemical effects (e.g., porewater composition and charge-balance constraints). 478 

 479 

4.2 Porewater scarcity as the primary limiting factor for REE enrichment 480 



 
 

 Although the adsorption mechanism is well constrained, the connection between REE 481 

hyper-enrichment and porewater chemistry remains poorly understood. Notably, REE contents in 482 

bioapatite covary with porewater REE profiles (Fig. S11), rather than increasing linearly with 483 

sediment age. This suggests that enrichment is not a simple cumulative function of time but is 484 

instead governed by the available REE pool in porewaters.  485 

 To evaluate this dependency, we constructed a mass-balance model (see Method 2.9) 486 

following the diffusion-limited framework. We parameterized the model using idealized transport 487 

limits (e.g., 𝐷eff , 𝜑 , 𝜃2 ) and assumptions detailed in Table S2, to quantify the enrichment 488 

timeframe. The equation decouples long-term REE build-up from the near-instantaneous surface-489 

saturation kinetics (𝑘2 = 0.0183 g⋅mg−1⋅min−1), as follows: 490 

𝑡 = 0.03 × 0.025(4.0 × 10−10) × 0.026 × 0.015 = 4.81 × 109 𝑠 ≈ 1.52 × 102 𝑦𝑒𝑎𝑟 491 

This calculation indicates that under an idealized supply-limited regime with a constant porewater 492 

REE concentration of 15 ppb (our simulated concentration) and instantaneous replenishment, 493 

bioapatite could theoretically reach 30,000 ppm in approximately 150 years. While such 494 

enrichment is ultimately constrained by charge balance, this model highlights high theoretical 495 

supply potential under idealized conditions. However, this timeframe is predicated on an elevated 496 

REE supply. In situ deep-sea porewater REE concentrations are typically 10−2 to 10−1 ppb (Deng 497 

et al., 2017, 2022; Yang et al., 2018), three orders of magnitude lower than our experimental 498 

conditions. Consequently, the theoretical enrichment period extends by 100 to 1000 times, shifting 499 

the system into a steady-state supply-limited regime. Our box model (see Supplementary 500 

Information; Fig. S12) indicates that hyper-enrichment requires sustained REE release from 501 

reactive phases rather than porewater renewal alone. Thus, additional sources (e.g., organic matter-502 



 
 

mediated and Fe-Mn dissolution; Haley et al., 2004; Deng et al., 2022) are essential to sustain 503 

porewater REE at levels compatible with the observed inventories.  504 

 Within this supply-limited box model, sustained low-flux REE supply implies protracted 505 

timescales for hyper-enrichment, aligning with fossilization records of 1 kyr to 10 Myr (Trueman 506 

and Tuross, 2002). Such a sluggish supply prevents rapid chemical homogenization, consistent 507 

with the low internal diffusion coefficient (c. 70 mm2 Myr−1; Toyoda and Tokonami, 1990) and 508 

the non-uniform distribution observed in our polished axial cross-sections (Figs. 6A–D and Fig. 509 

S7). This framework explains why (bio)apatite in calcite-rich continental margin phosphorites has 510 

low average REE concentrations (Hein et al., 2016), as it will compete with calcite for the limited 511 

REE pool. Hence, our results suggest that REE hyper-enrichment is primarily constrained by the 512 

availability of REE in porewaters rather than the adsorption capacity of bioapatite itself. This also 513 

precludes the possibility that enrichment is achieved solely through high bioapatite abundance 514 

(Ohta et al., 2020). As a result, identifying the geochemical factors that generate and maintain 515 

high-REE porewaters is essential for understanding REE hyper-enrichment processes in deep-sea 516 

sediments. 517 

 518 

4.3 Additional REE adsorption by organic matter 519 

Our work provides direct evidence that organic matter within bioapatite acts as an 520 

additional source of high-affinity adsorption sites, significantly accelerating REE capture during 521 

the earliest stages of fossilization (Figs. 3A and B). In the initial reaction stage, the high-organic 522 

matter sample (AP-1, TC = 16.6 wt%) exhibited a ~61% higher REE adsorption ratio than the low-523 

organic matter sample (AP-2, TC = 11.7 wt%) within the first 3 mins (∆ = 60.8% ± 12.9%, n = 2). 524 

This disparity narrowed to 10% after 15 mins as both samples approached a kinetic plateau (∆ = 525 



 
 

10.3% ± 2.4%, n = 2). This trend indicates that a higher abundance of internal organic matter 526 

provides an additional pool of accessible sites that dominate the initial uptake flux, though this 527 

advantage diminishes as these sites reach saturation (Fig. 2F). 528 

FTIR spectra for the samples before and after REE adsorption are broadly similar, but 529 

subtle and systematic peak shifts are observed in the amide vibration region (1230–1640 cm−1), 530 

including the C=O stretching band at ~1640 cm−1 (Figs. 5A and B; Kimura-Suda et al., 2009; 531 

Scaggion et al., 2024). These minor shifts suggest that the vibrational environments of C=O 532 

functional groups were modified following REE adsorption, consistent with REE adsorption by 533 

organic matter in aqueous systems (Pavlova et al., 2023). However, substantial band overlap in the 534 

bioapatite matrix prevents quantitative separation of carboxyl versus amide group contributions. 535 

To isolate abiotic pathways, freeze-dried samples were utilized to suppress biological activity, 536 

distinguishing chemical processes from microbially-mediated mechanisms (Kleber et al., 2021). 537 

The sustained rapid kinetics under these conditions suggest that abiotic chemical complexation 538 

dominates the early adsorption process. Furthermore, internal organic matter contributes 79–94% 539 

of initial REE adsorption (Table 2), consistent with findings that organic coatings on fossil fish 540 

teeth contain up to 70% of the total REE content (Huck et al., 2016). 541 

Organic matter-REE complex stability may be modulated by carbonate availability and 542 

ionic strength, as carbonate complexation can compete with organic matter-bound REE. This 543 

effect is directly constrained by our bicarbonate-buffered experiments (HCO3− = 0–1.4 mM). With 544 

ionic strengths similar to porewaters, adsorption ratios are less sensitive to carbonate fluctuations 545 

when organic matter is retained, whereas sensitivity increases markedly after organic matter 546 

removal (Fig. S4). Reduced sensitivity in samples with organic matter is consistent with strong 547 



 
 

REE-organic matter complexation (Pourret et al., 2007). Notably, carbonate ions drive REE 548 

fractionation (Figs. S5 and S6), including a bicarbonate-driven lanthanide tetrad effect (Fig. 3D).  549 

To verify this signal, we used the BLambdaR method (Anenburg and Williams, 2022) with 550 

Ce and Eu excluded from the fitting process. We observed a consistently positive 𝜏1 signature 551 

(averaging ~0.032) across all carbonate-influenced samples, compared to values near zero 552 

(averaging ~0.004) in the control group (Supplementary Data 7). Although fractionation in the 553 

other tetrad groups was statistically insignificant, this systematic contrast suggests a subtle but 554 

consistent M-type tetrad trend in the presence of carbonate. Its absence in carbonate-free systems 555 

suggests that internal organic matter alone is comparatively non-selective (Fig. 3D). Therefore, the 556 

final REE distribution reflects competitive complexation between aqueous carbonate and organic 557 

matter, where carbonate modulates selective partitioning and tetrad trends in marine environments. 558 

In our mass-balance box model, enhanced initial uptake by organic matter does not 559 

necessarily translate into net accumulation, as bioapatite hyper-enrichment is ultimately 560 

constrained by the long-term flux of REE replenishment into porewaters. This coupling between 561 

adsorption potential and supply flux explains why the role of organic matter differs across 562 

depositional settings. Although REE exhibit a strong covariance with organic matter in deep-sea 563 

porewater and leaching experiments (Haley et al., 2004; Freslon et al., 2014; Deng et al., 2022), 564 

this relationship is decoupled in shallow-sea environments where REE concentrations in bioapatite 565 

and marginal phosphorites remain relatively low despite high organic matter abundance (Felitsyn 566 

and Morad, 2002; Hein et al., 2016).  567 

We propose that this discrepancy stems from the opposing roles of internal versus external 568 

organic matter sources. While internal organic matter (e.g., within the bioapatite matrix) provides 569 

high-affinity sites to facilitate capture, an abundance of external organic matter (e.g., from primary 570 



 
 

productivity; PP) in shallow-sea environments transforms it into a competing sink rather than a 571 

carrier. Rapid burial in these marginal settings hinders the degradation of external organic matter 572 

(Jahnke et al., 1990), effectively locking REE within the sediments and limiting their release to 573 

porewaters. Furthermore, similar to its role in apatite, calcite precipitation through ionic 574 

substitution (e.g., REE3+ + Na+ ↔ 2Ca2+; Marques Fernandes et al., 2008) further depletes the 575 

available pool, acting as a competing sink. This external scavenging results in a depleted porewater 576 

flux, representing a significant supply limitation. For example, in shallow sea sediments with high 577 

organic matter burial (c. 200 mmol m−2 y−1), porewater REE concentrations may be one order of 578 

magnitude lower than that those in the deep-sea (10−1 and 100 ppb, respectively; Soyol-Erdene and 579 

Huh, 2013; Deng et al., 2022). 580 

 581 

4.4 Organic matter-mediated Fe-Mn (oxyhydr)oxide dissolution 582 

Our simulation experiments, conducted under strictly anaerobic conditions, demonstrate 583 

that REE migration onto bioapatite is coupled with the removal of internal organic matter and the 584 

dissolution of Fe-Mn (oxyhydr)oxides. Using a 0.5 M NaNO3 background electrolyte (pH = 7.1) 585 

to ensure physicochemical stability, the absence of carbonate favored the reductive dissolution of 586 

Mn(IV) and Fe(III) phases. Net REE migration shows a positive correlation with internal organic 587 

matter content within the bioapatite (Fig. 4B). In addition, significant concentrations of dissolved 588 

Mn in the post-reaction solutions provided direct evidence for the reductive dissolution of Fe-Mn 589 

(oxyhydr)oxide phases (Supplementary Data 1). These findings align with observations from 590 

natural samples (Elderfield and Sholkovitz, 1987) and synthetic material studies (Grybos et al., 591 

2007), supporting a coupled role of internal organic matter and Fe-Mn (oxyhydr)oxides in 592 

facilitating cross-phase transfer of REE into the diagenetic aqueous pool. 593 



 
 

The mechanistic interpretation of this migration is that internal organic matter serves as an 594 

electron donor, facilitating the reduction of Fe(III) and Mn(IV) to their dissolved states via electron 595 

transfer (Dong et al., 2023; Ye et al., 2025). This process subsequently liberates the adsorbed REE 596 

pool into the surrounding porewater. In our box model, this redox-driven release replenishes the 597 

porewater pool, sustaining uptake and long-term retention by bioapatite. This coupled cycling 598 

between organic matter degradation and Fe-Mn oxide dissolution is corroborated by REE 599 

fractionation patterns. Unlike fresh bioapatite, which shows LREE enrichment (Fig. 3D), fossil 600 

bioapatite from REE-rich Pacific muds shows HREE enrichment and strongly negative Ce 601 

anomalies (Fig. 7A; Kon et al., 2014; Liao et al., 2019). This fractionation mirrors the REE 602 

migration from Fe-Mn (oxyhydr)oxide (e.g., vernadite) into bioapatite as illustrated in our 603 

schematic model (Fig. 7B). These results show that diagenetic conditions, rather than the initial 604 

seawater signal, dominate REE enrichment in bioapatite (Deng et al., 2022).  605 

Cerium anomalies provide additional insight into oxide-mediated REE cycling, because Ce 606 

can be oxidized to Ce(IV) and preferentially scavenged by oxide phases. Positive Ce anomalies in 607 

organic-rich particulate material may persist even during remineralization, if oxygen remains 608 

sufficient to stabilize the oxidized Ce-oxide (Haley et al., 2004), whereas Fe-Mn (oxyhydr)oxides 609 

during redox-driven mineral transformations can generate positive Ce anomalies in solid phases 610 

(Manceau et al., 2022). In our experiments, positive Ce anomalies were initially observed in 611 

bioapatite with organic matter (Fig. 3D), indicating that organic matter contributes to the 612 

preservation of this signal under simulated porewater conditions. However, after subsequent 613 

interaction with REE-adsorbed Mn oxides, the bioapatite developed negative Ce anomalies, 614 

whereas the residual Mn oxides retained positive Ce anomalies (Fig. 7B). These results are 615 

consistent with early diagenetic processes where Mn reduction and organic matter degradation 616 



 
 

may partially remobilize Ce and modify bioapatite signatures (Freslon et al., 2014; Wang et al., 617 

2025). As a result, Ce anomalies in bioapatite (Zhang et al., 2026) likely reflect signals from 618 

coupled Fe-Mn oxide and organic matter processes, and should therefore be interpreted with 619 

caution when used as paleoredox indicators. 620 

 621 

4.5 Implications for REE hyper-enrichment in deep-sea sediments 622 

The spatial variation of REE enrichment in marine environments is fundamentally 623 

governed by coupling between REE sources (Fe-Mn (oxyhydr)oxide and organic matter), the 624 

primary sink (phosphorus (P), including bioapatite and CFA), and the diagenetic driver (organic 625 

matter degradation). While REE sequestration occurs globally, continental shelves exhibit diluted 626 

REE signals compared to deep-sea sediments, reflecting distinct sedimentation regimes and 627 

diagenetic conditions. Integrating our experimental results with REE spatial distribution data, we 628 

evaluate these variations of REE enrichment through three scenarios based on the diagnostic triad 629 

of P, organic matter, and Fe-Mn: 630 

1) Low to moderate enrichment under restricted coupled cycling. On continental margins 631 

such as the Peru shelf, intense upwelling and high PP result in elevated phosphate and organic 632 

matter (Piper et al., 1988), but the absence of the dissolution-precipitation cycle of Fe-Mn 633 

(oxyhydr)oxides restricts the REE supply. Rapid burial of coastal organic matter further hinders 634 

coupled cycling, maintaining enrichments at < 500 ppm (Fig. 8A). This suppressed partitioning is 635 

shown by negligible Ce anomalies (Ce/Ce* ≈ 1) and near-flat PAAS-normalized REE patterns 636 

((La/Yb)N ≈ 1), confirming REE decoupling from seawater or porewater fluxes. Crucially, these 637 

signatures reflect the absence of efficient REE scavenging by Fe-Mn (oxyhydr)oxides where 638 

seawater REE contributions are negligible (Piper et al., 1988). Low and unstable REE/P ratios (0–639 



 
 

1.2×10−3) further indicate an unfilled P-sink highly sensitive to minor porewater variations. 640 

Similarly, in seamount settings, REE enrichment remains below 2000 ppm (Fig. 8B; Peng et al., 641 

2024) due to limited organic matter inhibiting reductive dissolution of Fe-Mn phases. The lack of 642 

a strong diagenetic influence is supported by the observation that CFA within Fe-Mn crusts does 643 

not undergo significant diagenesis (Peng et al., 2024). Consequently, although REE/P ratios 644 

increase to ~7.81×10−3, the Ce/Ce* values (~0.5) primarily reflect passive inheritance of 645 

background signatures, rather than diagenetic amplification. 646 

2) Moderate enrichment under sink-limited sequestration. In regions such as the Clarion-647 

Clipperton Fracture Zone (CCFZ), abundant Fe-Mn (oxyhydr)oxides coupled with a moderate 648 

particulate organic carbon flux (Baker and Beaudoin, 2013) promote REE mobilization and 649 

benthic transfer (Kim et al., 2022; Xiang et al., 2024). However, low phosphorus availability (< 650 

2.0 wt%, compared to up to 13.1 wt% in the western Pacific Ocean; Fig. S13; Tanaka et al., 2020) 651 

acts as a critical bottleneck for stable REE sequestration within apatite. Consequently, despite 652 

efficient diagenetic processing, REE enrichment remains restricted to an average content of less 653 

than 1000 ppm (Fig. 8C). This decoupling is characterized by a high capture efficiency per unit of 654 

phosphate, but insufficient sink abundance. Diagnostic proxies, including significant negative Ce 655 

anomalies (Ce/Ce* = 0.3–0.6) and pronounced MREE enrichment (ΣREE > 400 ppm; Kim et al., 656 

2022), indicate that bioapatite effectively scavenges REE from porewaters. This high partitioning 657 

efficiency is manifested by exceptionally elevated REE/P ratios (range from 200×10−3 to over 658 

1000×10−3; Kim et al., 2022; Xiang et al., 2024), signifying an efficient diagenetic pump that drives 659 

high REE loading in each phosphate grain. However, the total REE concentration is restricted by 660 

the scarcity of phosphate, highlighting that a deficient P-sink fundamentally limits hyper-661 

enrichment in these settings. 662 



 
 

3) Hyper-enrichment through synergistic interaction among the three components (REE 663 

sources, a primary bioapatite / CFA sink and a diagenetic driver). In the western North Pacific, 664 

enhanced eolian dust input and nutrient-rich currents promote both organic matter supply and Fe-665 

Mn (oxyhydr)oxide formation (Ohta et al., 2016; Tanaka et al., 2020; Liao et al., 2024). Combined 666 

with relatively slow sedimentation rates (Iijima et al., 2016), vigorous coupled cycling is sustained 667 

and drives REE hyper-enrichment to levels up to ~7000 ppm (Fig. 8D; Tanaka et al., 2020). This 668 

scenario can be detected by geochemical proxies reflecting profound diagenetic amplification. 669 

Pronounced negative Ce anomalies (Ce/Ce* = 0.1–0.2) and significant HREE enrichment 670 

((La/Yb)N < 0.5) indicate robust coupling between the REE budget and porewater fluxes, driven 671 

by repetitive redox cycling of Fe-Mn carriers (Iijima et al., 2016; Tanaka et al., 2020). This 672 

efficiency is demonstrated by stabilized and high REE/P ratios (averages ~80×10−3) in high REE 673 

layers. Unlike the coupled cycling-limited or sink-limited scenarios, these sediments represent a 674 

balanced optimization where a large P-sink is efficiently utilized by a high-flux diagenetic pump. 675 

The sequestration potential of the apatite is fully realized in this scenario, establishing the essential 676 

prerequisites for REE hyper-enrichment in the deep-sea. 677 

Combining our experimental evidence with spatial patterns identified across the Pacific, 678 

we propose a REE hyper-enrichment model for deep-sea sediments with a slow deposition rate, 679 

which occurs via the following mechanisms during early diagenesis: 1) organic matter degradation 680 

(internal and external) encourages the dissolution of Fe-Mn (oxyhydr)oxides in reducing 681 

environments, releasing substantial REE into porewater during this initiation phase (Figs. 9A and 682 

B); 2) Continuous deposition and degradation of organic matter enhances the reduction-683 

reprecipitation cycles of Fe-Mn (oxyhydr)oxides, and this coupled cycling mechanism further 684 

increases REE availability (Fig. 9B); 3) Under a steady-state supply-limited regime, the release 685 



 
 

flux of REE from these coupled sources (organic matter degradation and Fe-Mn reduction) governs 686 

the overall enrichment rate. This slow replenishment explains the protracted timescales (1 kyr to 687 

10 Myr) required to reconcile near-instantaneous surface adsorption with long-term hyper-688 

enrichment (Fig. 9C); 4) Bioapatite acts as the long-term REE reservoir/carrier, where REE 689 

steadily accumulate through chemical complexation, thereby achieving the observed hyper-690 

enrichment during early diagenesis (Fig. 9D). 691 

These processes are likely modulated by large-scale climate variability, as the formation 692 

of bioapatite, organic matter and Fe-Mn (oxyhydr)oxides is controlled by climate-driven variables, 693 

such as ocean currents and dust input. Among these, upwelling can substantially enhance marine 694 

PP, increasing organic matter deposition and potentially boosting fish biomass. However, the link 695 

between climate change and fish production remains debated. Some studies suggest that 696 

topographically induced upwelling during the late Eocene cooling event caused fish proliferation 697 

and subsequently REE enrichment (Ohta et al., 2020), while others argue that such effects were 698 

minimal, with pelagic fish production remaining largely stable during the Eocene–Oligocene 699 

transition (Sibert et al., 2020). Meanwhile, observations from regions like the Indian Ocean (DSDP 700 

Site 223) over the past ~20 million years indicate a negative correlation between marine organic 701 

carbon burial and REE enrichment (Yasukawa et al., 2016; Z. Li et al., 2023). This pattern may 702 

reflect a complex balance between organic matter degradation and sedimentary redox conditions: 703 

lower carbon burial rates imply greater remineralization, which intensifies the reductive 704 

dissolution of Fe-Mn (oxyhydr)oxides and promotes REE release. Consequently, enhanced 705 

organic matter and its degradation, by driving the formation of redox boundaries, may represent 706 

an important factor in REE hyper-enrichment, although the extent and significance of this 707 

relationship requires further investigation. 708 



 
 

 709 

5. Conclusions 710 

This study provides molecular-scale insights into REE enrichment mechanisms in marine 711 

bioapatite by combining adsorption experiments with comprehensive characterization techniques 712 

(e.g., XRF and XAFS). We demonstrate REE hyper-enrichment is driven by coupled cycling 713 

between organic matter degradation and Fe-Mn (oxyhydr)oxide dissolution during early 714 

diagenesis. Unlike purely inorganic adsorption, internal organic matter within bioapatite facilitates 715 

rapid REE adsorption from simulated porewaters via the formation of stable inner-sphere 716 

complexes. Simultaneously, organic matter degradation promotes the reductive dissolution of Fe-717 

Mn (oxyhydr)oxides, releasing additional REE into porewater. This adsorption in bioapatite is 718 

irreversible and remains far from saturation, allowing for sustained and repeated adsorption that 719 

contributes to the observed hyper-enrichment in natural settings. Our findings highlight that 720 

coupled cycling of organic matter degradation with Fe-Mn (oxyhydr)oxide dissolution controls the 721 

efficiency and extent of REE enrichment, thereby providing new understanding on the cycling and 722 

burial of REE in deep-sea sediments. 723 

Beyond sedimentary environments, these findings have implications for REE recycling 724 

during subduction. By constraining how REE and Ce anomalies are retained and modified in 725 

bioapatite, this study helps constrain how REE are involved in deep Earth cycling. REE-rich 726 

sedimentary components can contribute to mantle REE enrichment during subduction (Zhu et al., 727 

2024). Our results align with the view that the stable sequestration of REE into apatite likely limits 728 

REE mineralization in carbonatites and magmas (Li et al., 2025; Qiu et al., 2025). The strong 729 

retention of REE within the apatite lattice may help explain why the negative Ce anomalies 730 

characteristic of REE-rich marine sediments are not always recycled into mantle-derived 731 



 
 

carbonatite deposits (Anenburg and Liu, 2024). While these findings provide new perspectives on 732 

the ultimate origin of REE in carbonatites, further research is required to bridge the gap between 733 

initial sedimentary enrichment and deep magmatic-hydrothermal enrichment. 734 
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Figure 1. Location of studied bioapatite sample in the western North Pacific Ocean and 1027 

regional geochemical conditions associated with REE enrichment. (A) REE abundance is 1028 

denoted by brown/yellow circles scaled to the highest reported REE concentration. Published data 1029 

for the western North Pacific Ocean, the Clarion-Clipperton Fracture Zone (CCFZ), and the Peru 1030 

shelf are sourced from Iijima et al. (2016) and Tanaka et al. (2020), from Kim et al. (2022) and 1031 

Xiang et al. (2024), and from Piper et al. (1988), respectively. Map created using open source 1032 

software Generic Mapping Tools (GMT; available at: http://gmt.soest.hawaii.edu). (B–C) 1033 

Correlation of ΣREE with Fe-Mn and P2O5 contents in sediment cores from the western Pacific 1034 

Ocean (B: PC05; Tanaka et al., 2020) and the CCFZ (C: GC03; Xiang et al., 2024). 1035 
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Figure 2. SEM-EDS analyses of bioapatite samples. (A) SEM images of a complete deep-sea 1037 

tooth of Lophius piscatorius (AP-1) reveal well-preserved enamel from tip to root, with cracks on 1038 

the surface. By contrast, SEM images of bioapatite after hydrogen peroxide infiltration to remove 1039 

organic matter (AP-2) show significant removal of enamel, with extensive loss of the enamel 1040 

structure exposing the underlying dentine. (B) The intact enamel exhibits surface cracks and 1041 

irregular undulations. (C) The remnants of fractured enamel display breakage patterns that follow 1042 

the orientation of pre-existing cracks and undulations, resulting in a blocky morphology. (D) The 1043 

exposed dentine showed a parallel arrangement, and the internal structure is relatively porous. (E) 1044 

The longitudinal profile of the tooth of Lophius piscatorius illustrates a cavity structure at the 1045 

center; most of the gray area is dentine, and the outermost thin layer structure is tooth enamel (not 1046 

significant in this image). (F) organic matter is distributed within and on the surface of the dentine. 1047 

(G) SEM images of AP-1 display complete organic components, with EDS showing the high 1048 

carbon contents (H). (I) The organic matter in AP-2 was destroyed by hydrogen peroxide, with its 1049 

structure damaged or disappeared. (J) EDS results showing damaged organic matter (high carbon 1050 

content), with the mapped area on (I) denoted by a white box. 1051 



 
 

 1052 



 
 

Figure 3. Adsorption characteristics of fresh bioapatite samples. Kinetic data and the 1053 

corresponding model fit for adsorption of REE on bioapatite without (A) and with (B) organic 1054 

matter removal at pH = 7.1, with an REE concentration of 15 ppb in the initial fluid. (C) Effects 1055 

of pH on REE adsorption to bioapatite. The REE adsorption represents the adsorption ratio of REE 1056 

at different pH values. The REE precipitation represents the precipitation ratio of REE at different 1057 

pH values. The Ca concentration represents the change in Ca content caused by the dissolution of 1058 

bioapatite at varying pH values. (D) The logarithm of the partition coefficient (Kd) of REE between 1059 

the solid phase and the liquid phase plotted vs. increasing atomic number within the lanthanide 1060 

series (AP-1: bioapatite without organic matter removal, AP-2: bioapatite with organic matter 1061 

removal, T = 298 K, Msample = 5 mg, CREE = 15 ppb, IS = 0.5 M NaNO3). 1062 
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Figure 4. The adsorption ratio for REE in bioapatite with varying organic matter content 1064 

and the migration ratio of REE from Fe-Mn (oxyhydr)oxides to bioapatite controlled by 1065 

organic matter removal. (A) The higher the content of organic matter in bioapatite, the more 1066 

REE enrichment occurs. (B) Effect of organic matter content on REE migration efficiency. 1067 

Relative REE migration (%) is defined as the mass of REE recovered in the bioapatite phase 1068 

relative to the initial REE content hosted by Fe-Mn (oxyhydr)oxides, calculated as: Migration (%) 1069 

= (Mbioapatite/Minitial_oxide) × 100. Final migration ratios were baseline-corrected for the abiotic 1070 

adsorption of organic matter-free hydroxyapatite. Higher organic matter promotes more extensive 1071 

oxide dissolution, thereby driving a higher proportion of REE to migrate into the bioapatite (T 1072 

=298 K, pH = 7.1, Msample = 5 mg, CREE = 100 ppb, IS = 0.5 M NaNO3; organic matter content of 1073 

bioapatite: AP-1 (TC = 16.64 wt%) > AP-1.5 (TC = 13.37 wt%) > AP-2 (TC = 11.70 wt%)). 1074 
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Figure 5. FTIR analysis of the adsorbents before and after adsorption. (A) FTIR of the 1076 

bioapatite (without organic matter removal) before and after Nd, Y, and total REE adsorption. (B) 1077 

Post-REE adsorption shifts in characteristic peaks of the bioapatite FTIR spectra. (C) FTIR of the 1078 

hydroxyapatite (HAP) before and after REE adsorption. (D) Post-REE adsorption shifts in 1079 

characteristic FTIR peaks of HAP samples. All experimental parameters and sample 1080 

identifications are consistent with those detailed in Table S1. Source data are provided as a data 1081 

file. 1082 
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Figure 6. Results of μ-XRF mapping, and Nd L3-edge and Y K-edge XAFS analyses for 1084 

bioapatite. (A) SEM images of a bioapatite thin section show that the tip of the fish tooth is well-1085 

preserved, and conducive to REE enrichment and storage. (B) The μ-XRF mapping of bioapatite 1086 

shows that the distribution of P, Y and Nd is homogeneous in the tip, and the concentrations of Nd 1087 

(C) and Y (D) in the fish tooth are relatively low. (E) The Nd L3-edge XANES results of bioapatite 1088 

and standard material (Nd2O3). (F) The Y K-edge XANES results of bioapatite and the standard 1089 

materials (the relevant Y standard reference material is from Couturier et al. (2022). Data are 1090 

available at: https://www.sshade.eu). (G) k3-weighted X-ray absorption extended fine structure 1091 

(EXAFS) data for the Y K-edge in the marine bioapatite sample and selected standards, showing 1092 

EXAFS oscillations as a function of wavenumber k (Å−1). Experimental data are shown in solid 1093 

lines, and the calculated spectra are shown as dashed lines by a curve-fitting analysis in the Artemis 1094 

software. (H) Corresponding phase-shifted Fourier transform (radial distribution) functions 1095 

derived from the EXAFS data. Each peak represents a shell of atoms surrounding the central Y 1096 

atom at a certain radial distance R (Å), with the height of the peak corresponding to the number 1097 

and type of atoms (Table 1), and the position of the peaks corresponding to their average distance 1098 

to the central Y atom. Source data are provided as a data file. 1099 

https://www.sshade.eu/


 
 

 1100 



 
 

Figure 7. Post-Archean Australian shale (PAAS; Taylor and Bradley, 1985)-normalized REE 1101 

patterns of different bioapatite samples, and REE enrichment patterns during mobilization 1102 

from Fe-Mn (oxyhydr)oxides to bioapatite. (A) PAAS-normalized REE patterns for bioapatite 1103 

in REE-rich mud from the western Pacific Ocean (high/low REE bioapatite; Kon et al., 2014), the 1104 

central North Pacific Ocean (middle REE bioapatite; Liao et al., 2019), the skeleton of living 1105 

marine vertebrates (fresh bioapatite; Labs-Hochstein and MacFadden, 2006). (B) A HREE 1106 

enrichment pattern and a significant Ce negative anomaly are seen as a result of REE migration 1107 

from Fe-Mn (oxyhydr)oxides (e.g., vernadite) into bioapatite. The colored lines show the REE 1108 

enrichment pattern in bioapatite, while the gray lines show REE remaining in the Fe-Mn phase. 1109 
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Figure 8. Synergistic effects of organic matter, phosphorus (P), and Fe-Mn (oxyhydr)oxides 1111 

on REE enrichment under different environmental conditions. (A) In the absence of Fe-Mn 1112 

(oxyhydr)oxide dissolution to supply REE, REE enrichment is limited even though abundant 1113 

organic matter and P are present. (B) In the absence of organic matter, the interaction between Fe-1114 

Mn (oxyhydr)oxides and organic matter leads to weak adsorption and release of REE, thereby 1115 

causing limited REE enrichment. (C) In the absence of P, REE enrichment is low even with 1116 

abundant organic matter and Fe-Mn (oxyhydr)oxides present. (D) When organic matter, P and Fe-1117 

Mn interact together (particularly under slow deposition rates), REE hyper-enrichment occurs. 1118 
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Figure 9. Schematic enrichment model for REE in deep-sea sediments during early 1120 

diagenesis. (A) Marine porewater geochemical profiles indicate variability in Fe, Mn and REE 1121 

contents during diagenetic removal of marine organic matter (TOC). (B) Geochemical behavior of 1122 

REE in marine sediments. In the oxic zone, REE are released into porewaters through the aerobic 1123 

removal of organic matter. In the suboxic zone, REE are further released into porewaters via a 1124 

coupled cycle (organic matter removal and micronodule dissolution). Meanwhile, REE released 1125 

into porewaters gradually migrate to bioapatite to give hyper-enrichment. (C) Conceptual model 1126 

of the coupled-source REE enrichment mechanism. REE are sustained by a supply-limited regime 1127 

involving organic matter degradation and Fe-Mn oxides reduction. Flux arrows illustrate the 1128 

migration of REE from these reactive phases toward adsorption sites in bioapatite. The timescale 1129 

bar highlights the contrast between instantaneous surface adsorption (minutes) and the protracted, 1130 

long-term sequestration (1 kyr to 10 Myr) necessitated by the slow replenishment of porewater 1131 

REE. (D) REE adsorption model in bioapatite: internal organic matter participated in REE 1132 

adsorption mainly through C=O and H-O bonds, and apatite adsorbed REE by forming an inner or 1133 

outer complex with REE. This study shows that bioapatite mainly enriched REE by inner-sphere 1134 

complexation. 1135 
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Tables 1139 

Table 1. Structural parameters of Y adsorbed on various minerals, obtained by curve-fitting* analysis of EXAFS spectra. 1140 

Samples and standard Shell CN R (Å) ∆E0 (eV) 𝝈2 (10−3 Å2) R factor (%) n or Ref. 

Marine bioapatite  Y-O 7.71±1.68 2.37±0.02 0.17±1.94 9.69±3.80 1.65 n = 11 

 Y-P1 3.54±1.89 3.50±0.08     

 Y-P2 4.44±2.14 3.71±0.07     

Hydroxyapatite Y-O 7.05±3.30 2.42±0.04 −7.87±5.71 5.55±5.57 3.94 † 

 Y-P1 4.22±3.51 3.44±0.05     

 Y-P2 3.28±3.36 3.70±0.06     

Xenotime Y-O 7.26±3.55 2.41±0.04 5.61±4.58 1.46±6.66 1.99 † 

 Y-P 4.03±3.10 3.37±0.06     

 Y-O-P-O 5.38±3.91 3.90±0.09     



 
 

* S0
2 was fixed as 1.0. Data ranges of bioapatite: 3.0 ≤ k ≤ 8.5 Å−1, 1.0 ≤ R ≤ 4.0 Å. The number of variable parameters is 8, out of a 1141 

total of 10.3 independent data points. Data ranges of hydroxyapatite: 4.0 ≤ k ≤ 8.4 Å−1, 1.0 ≤ R ≤ 5.0 Å. The number of variable 1142 

parameters is 8, out of a total of 11.0 independent data points. Data ranges of xenotime: 4.0 ≤ k ≤ 8.0 Å−1, 1.0 ≤ R ≤ 4.7 Å. The number 1143 

of variable parameters is 8, out of a total of 9.3 independent data points. 1144 

† EXAFS fits based on crystal structures from Couturier et al. (2022). CN is the coordination number (# of atoms nearest to Y). R is the 1145 

interatomic distance between the ligand and Y. The Debye-Waller factor (𝜎2) is the mean square displacement about the half path length 1146 

of the path. The R-factor is a goodness of fit parameter; a perfect fit has an R-factor of 0. 1147 

Note: Structural parameters of bioapatite are obtained by curve-fitting analysis (the distance of Y-O is from the crystal structure of Y2O3; 1148 

the distances of Y-P1 and Y-P2 are from the crystal structure of apatite). 1149 
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Table 2. The contribution ratio* of organic matter and apatite to REE adsorption in bioapatite at the early adsorption stage. 1152 

Time 

(min) 

AP-1 (TC = 16.6 wt%) AP-2 (TC = 11.7 wt%) 

Adsorption in bioapatite Contribution ratio Adsorption in bioapatite Contribution ratio 

ΣREE Eu (III) 
organic 

matter 
apatite ΣREE Eu (III) 

organic 

matter 
apatite 

3 85.0 % 85.4 % 93.5% 6.5% 24.2 % 27.0 % 79.5 % 20.5 % 

6 90.7 % 90.9 % 93.9% 6.1% 39.5 % 43.3 % 87.2 % 12.8 % 

9 94.0 % 93.9 % 94.1% 5.9% 59.7 % 62.8 % 91.2 % 8.8 % 

15 97.3 % 97.1 % 94.3% 5.7% 87.0 % 88.2 % 93.7 % 6.3 % 

* The contribution ratio was calculated by referring to bioapatite adsorption kinetics and total carbon (TC) content. Based on the 1153 

experimental results and the fitting of the adsorption kinetics of Eu (III) by apatite of bone powder (Gad and Youssef, 2018) for 1154 

subsequent calculations. 1155 
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